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ABSTRACT 


The  typical  ASV  helicopter  mission  is  usually  divided 
into  two  distinct  phases,  navigation  and  controlled  flight. 
The  navigation  mode  provides  the  pilot  Vith  his  precise 
location  and  the  tiight  profile  to  be  flown.  The  autopilot 
implements  the  steering,  commands  and  provides  a  dynamically 
stable  vehicle,  thi^  report  provides  a  design  which  combines 
both  phases  to  provide  a  flight  path  control  system.  This 
system  enables  the  pilot  to  complete  the  ASW  mission  with 
minimum  amount  of  navigatipn  effort  and  manual  control.  The 
desi^  provides  the  basis  for  a  new  concept  in  automatic 
fli^t  control. 
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Gloaaary  of  Abbreviations  and  Symbols 

Total  acceleration  Vector  as  Sensed  during  alignment. 

\ . 

The  component  of  sensed  acceleration  as  measured  in  the 
reference  frame,  along  the  i  coordinate  axis. 

The  energy  content  of  a  distrubed  sea  (Neumann  notation) 

Analog-to-Digital  Converter 

Altitude 

Automatic  Stabilization  Equipment 
Anti-Submarine  Warfare 
Transition-to-cruse  distance 


Gravitational  mass  attraction  compensation  components 
along  the  E,  N,  and  U  axes,  respectively 


a . ,  a  -  Total  acceleration  and  instantaneous  acceleration, 

^  respectively,  along  the  i  axis  during  E  and  A,  where 
i  •  To,  Yo,  Zo,  for  moving  E  ^  A. 

• « 

a  -  Total  sensed  acceleration 

Transition  acceleration  command  along  x  axis 

®x>  *y> 

-  Inertially  derived  accelerations  along  helicopter  x,y,z 
axes  (used  in  flight  path  calculations). 

b  -  Tl'ansition-to-hover  distance 

BAR^ALT.-  Barometric  Altimeter 

BCD  -  Binary  Coded  Decimal 

BDHI  -  Bearing  Distance  Heading  Inuicator 

SNI  -  Bearing  Distance  Heading  Indicator 


±L 
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c  -  Constant  coefficent 

GEM  -  Coarse  Erection  and  Alignmait 

CEP  -  Circular  Error  Probability 

GPLR  -  Coupler 

CYC  -  Cyclic  pitch  of  helicopter 

D  -  Turn  center -to -turn  center  distance 

d  -  Arbitrary  tracking  distance 

d/a  -  Digital  to  Analog  Converter 

D-I  -  Doppler  -  Inertial 

Dopp  -  Doppler 


®o  >  ^0  ^ 


an  earth  fixed,  rectangular  (EFR),  orthogonal,  right 
handed  triad  with  the  Uq  axis  lying  along  the  earth *s 
spin  axis  with  the  positive  direction  being  from  the 
earth *s  center  towards  the  north  pole,  lies  along 
the  intersection  of  the  equatorial  and  Greenwich  meridian 
planes  directed  along  the  outward  normal  at  zero  longitude, 
and  Nq  completes  the  triad# 


Eorig  -  Longitude  of  origin  of  e,n  grid. 


E&A  -  Erection  and  Alignment 
E  -  ¥  -  East  -  West 


EF  -  Barth  Fixed 


EFR  -  Earth  Fixed  Rectangular  Coordinate  System 
EFS  -  Earth  Fixed  Spherical  Coordinate  SysteiTi 

e,  n, 

u  “  local  east,  north,  and  up,  respectively;  an  orthogonal, 

rectangular,  right  handed  triad  i^ose  origin  travels 
with  the  craft;  u  lies  along  the  local  vertical,  and 
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e,n  are  in  the  horizontal  plane  with  e  perpendicular  to 
the  earth polar  axis,  and  pointing  in  an  easterly 
direction,  n  points  towards  the  north  pole. 

e  -  Acceleration  error  quantity 

e  -  eccentricity  of  the  ellipse  associated  with  the  earth 

model 

"  Coordinates  of  end  of  transition  to  cruise 

a  a 

“  Coordinates  of  next  dunk  point 

®DK»  .. 

^DK  ~  Coordinates  of  k  dunk  point 

®h,  nh  “  Coordinates  of  present  position  at  the  start  of  the  dunk 
point -to-dunk  point  calculations 

©i?  ^i  -  Coordinates  of  present  position  on  line  AB  at  the  start 
of  base-to -first  dunk  point  calculations 

e  ,  n  -  Arbitrary  point  in  tracking  computation 

®o>  ^o  “  Datum  point  coordinates 

-  Coordinates  of  present  position 

Og,  Ug  -  Coordinates  of  first  programmed  turn;  base-to-first 
dunk  point. 

n?  -  Coordinates  of  start  of  turn  toward  next  dunk  point 
By.  -  Doppler-Inertial  error  quantity 

FBStA  -  Fine  Erection  and  Alignment 

F/F  -  Flip-Flop 

FPC  -  Flight  Path  Controller 

G  -  Gravitational  field  force 

g  -  Acceleration  of  gravity 
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-  Government  Furnished  Equipment 

-  Ground  Speed  5c  Drift  Angle  Indicator 

-  Components  of  heading  command 

-  High  pover  amplifier 

-  Helicopter  Reference  Coordinate  Systan 

-  Hamilton  Standard 

-  Altitude  command 

-  Cnaise  altitude 

-  Hover  Altitude 

-  General  inertial  variable 
“  Input  Axis,  Gyro 

-  Initial  Condition  Mode,  Computer 

'o  ■ 

-  All  other  computer  modes 
Identifiers,  Computer  Output 

Inertial  Rectangular  Coordinate  System 

© 

Inertial  Spherical  Coordinate  System 
Most  Significant  Digit 
Mean  Time  Between  Failure 

o 

No  More 
North-South 
See  e,n 
See  Sg 
See.  ejj 
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•  nautical  miles  ‘  ^  . 

•  Output  Axis,  gyro  •  .  .  •  a  '  *  •  I 

-Parts  Per  Million  •  ’  ^  ^ 

-  Present  Position  Rectangular  Coordinate  System  • 

-  Pulse  Torque  Amplifier  ©  • 

.  •  •  •  ® 

-  Position  Tracking  Loop  .  .  * 

-  Pulse  Torque  Servo  Amplifier. 

o'-  •  ■  ‘  . 

-  The  error  quantity  between,  the  .actual  east  (e) 
vector  and  the  platform  e 

-  The  error  quantity  between  the  actual  north  (n)  vector 
and  the.  platform  n. 

-  The  error  quantity  between  the  actual  vertical  and  the 
platform  vertical. 

-  Earth's  Radius 

-  Range  between  successive  dunk  points 
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Horizontal  distance  between  the  carrier  roll  axis  and 
the  origin  of  the  instrument  exes* 


^ri  ”  Horizontal  distance  between  carrier  pitch  axis  and  the 
origin  of  the  instrument  axes. 


Rj,2  "  Horizontal  distance  between  carrier  yaw  axis  and  the 
origin  of  the  instrument  axes. 


-  Vertical  distance  between  carrier  roll  axis  and  the  deck. 

-  Flight  path  turn  radius 

•  Radius  of  programmed  coordinated  turn 

-  The  component  of  displacement,  as  measured  in  the 
Inertial  reference  frame,  along  the  E,  N,  or  U  axis. 


TTTP 

y**  component  of  displacement,  as  measured  in  the  Earth 
^  '  Fixed  reference  frame,  along  the  ^  or  d"  axis. 

SA  -  Spin  Axis,  Gyro 


SANE  -  Stabilization  And  Navigation  Equipment 


SDIMU  .  -  Strapped  Down  Inertial  Measurement  Unit 

S-D  -  Strapped-Down 

SRA  -  Spin  Axis,  Gyro 

SI -A 

thru  N  -  Switch  one,  wafer  A  through  N 

T  -  Helicopter  lift  vector  (used  in  flight  path  calculations) 

T  -  Tracking  Computation  (used  in  flight  path  calculations) 

T  -  Time  of  one  period  of  oscillation  (used  in  navigation 

calculations) 

TCDR  -  True  Course  and  Distanpe  Repeater  indicator 

r  Flight  transition  time 
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u  -  Local  vertical  unit  vector j  see  e* 

u  -  Apparent  average  vertical  unit  vector 

u  -  polar  semi-diameter  of  earth  model 

P 

V  -  Inertial  velocity 

v^  -  the  component  of  velocity,  as  measured  in  the  J  reference 

^  frame,  along  the  i  coordinate  axis  as  indicated  by  the 

Doppler  system 

-  Cruise  velocity  command 

Vn  -  Inertially  derived  velocities  having  Earth  Fixed 

coordinates  " 

Vg  -  Velocity  error 

Vgo  -  Velocity  error  breakpoint;  proportional  -  fixed  accelera¬ 

tion  command. 

^hor  -  Hover  velocity  command 

^TAS  T!rv.e  airspeed 

V  , 

Vg  -  Inertially  derived  airframe  velocities 

VGI  -  Vertical  Gyro  Indicator 

-r  the  component  of  velocity,  as  measured  in  the  j  reference 
frame,  along  the  i  coordinate  axis  as  indicated  by  the 
navigation  system 

w.r.t.  -  vith  respect  to 

X,Y,Z  -  this  coordinate  system  is  fixed  with  respect  to  the 
helicopter,  it  is  a  rectangular,  orthogonal,  right 
handed  triad  with  the  X,Y,Z  axes  lying  along  the  roll, 
pitch,  and  yav  axes  of  the  craft,  respectively. 
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-  an  inertial,  rectangular,  orthogonal  right  handed  triad 
that  coincides  with  the  X,Y,Z  frame  at  the  instant  that 
coarse  erection  begins* 


-  this  coordinate  system  represents  the  nonorthogonal 
triads  formed  by  the  instrument  input  axes  and  are  in 
approximately  the  same  orientation  as  the  X,Y,Z  system,  note 
that  although  the  notation  is  the  same,  these  represent 
2  sets  of  input  axes,  1  for  the  gyros  1  for  accel. 


-  Triad  representing  the  Doppler  axes 

-  Ship  (carrier)  longitudinal  axis 

-  Transmitting 

-  Wind  based  coordinate  system 

-  Carrier  surge  acceleration 

-  See  X 

-  See  Xq 

-  Carrier  sway  acceleration 

-  See 

-  See  X" 

«  see  x 

•  .  o  • 

-  See  Xq 

«  Carrier  heave  acceleration 

-  See  X» 

-  See  X»» 

-  Flight  path  turning  angle 
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^  -  Arbitrarily  small  angle  for  tracking  err  (used  in 

flight  path  calculations) 

jP  ~  earth  fixed,  spherical  set  of  coordinates,  where is 
the  distance  from  the  origin  of  the  Eq,  N  ,  system  to 
the  origin  of  the  X,Y,Z  system,  ^  is  longitude  measured 
positive  in  an  easterly  direction  from  Eq,  and  is 
the  geocentric  latitude* 

-  inertial  longitude  ^  equal  to 
^  -  A  differential  quantity 

^  -  Arbitrarily  small  range  for  distance  tracking  (used  in 

flight  path  calculations) 


T? 


Arbitrary  phase  angles 


Arbitrary  phase  angles- 

'  "ihe  angle  between  n  and  measured  positive  in  clock¬ 
wise  direction  from "n,  where  Xh  is  the  horizontal  pro¬ 
jection  of  the  X  .axis. 


-  The  angle  betweeri  n  and  X”.’ ,  measured  positive  in  clock¬ 
wise  direction  from  n. 

-  a  set  of’Eulerian  angles  relating  X,Y,Z  to  e,n,u  with  the 
rotations  taken  about  Y,Z,X  in  the  order 4  respectively. 

^  -  Pitch  angle  of  helicopter  when  used  in  flight  path 

calculations. 

^  -  Ship  (carrier)  roll  angle  (used  in  navigation  calculations) 

-  Geocentric  latitude;  see  ^  • 


-  an  earth' fixed  spherical  coordinate;  it  is  the  geodetic 
latitude,  used  with  and  JP  • 

-  Frequency  of  wave  encounter. 
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-  Bearing  to  n«3Et  target  point  of  flight  path 

-  Varying  earth  radius 

-initial  earth  radius  as  calculated  from  earth  inodel 

-  Wind  vector,  average  •• 

-Wind  direction,  average  •  • 

•-  Wind  magnitude,  instantaneous 

-  Instantansoue  and  average  vind  magnitude  in  e  direction  • 

respectively.  '  •  <!)'  '  • 

-  Instantaneous  and  average  wind  magnitude  in  n.  direction 
respectively, 

-  Average-  wind  magnitude 

r  Deviation  from  wind  direction  at  dunk  point  . 

-  Bounding  value  d  2* - 

-  Helicopter  roll  angle  (used  in  flight  path  calculations) 

-  Ship  (carrier)  pitch  angle  when  used  in  navigation 
calculations  . 


K  - 


Taw.  or  heading  angle’  of  helicopter  when  used  in  flight 
path  calculations. 

Heading  command 

Heading  error 

Ship  (carrier),  yaw  angle  when  used  in  navigation  cal¬ 
culations 

The  inertial  angular  rate  of  the  earth 
the  inertial  angular  rate  of  the  earth 
Damped  resonant  frequency 


XX 
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-  Natural  resonant  frequency 

•  the  sensed  angular  rate,  as  measured  in  the  inertial 
reference  frame,  along  the  i  axis 

-  wj  after  dynamic  compensation 

A  Wj  -  angular  rate  error  signal  for  i  axis  for  dynamic  compensa¬ 
tions 
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INTRODUCTION 


General 


This  design  study^  in  response  to  Bureau  of  Naval  Weapons 
Contract  No.  N0W62-0873“D,  has  proceeded  on  the  assumption  that 
continued  energetic  development  and  production  of  Antisubmarine 
Weapon  Systems  are  required  to  counter  the  potential  threat  of 
submarine  attack  on  merchant  convoys,  naval  task  groups, 
amphibious  forces,  and  on  the  continental  United  States?"  Also, 
this  design  study  provides  the  ground  work  for  developmfciat  and 
production  of  weapons  systems  in  related  applications  such  as| 
assault  systems,  logistical  support,  interdiction,  observation, 
and  other  applications  related  to  the  helicopter/VSTOL  Aircraft. 

Selection  of  Aircraft 


The  design  presented  hereTh,  has  been  oriented  to  the 
installation  of  an  air-worthy  breadboard  on  the  SH-3A  weapons 
system.  This  weapons  system  was  selected  for  the  following 
reasons : 

a.  It  is  presently  an  operational  ship  based  airborne  weapons 
system  with  known  capabilities. 

b.  This  vehicle  utilizes  the  automatic  stabilization  equipment,  . 
manufactured  by  Hamilton  Standard  Electronics  Department. 

c.  The  SH-3A  operational  requirements  provide  for  ample  design 
goals  in  both  the  navigational  and  flight  control  modes  of 
operation. 

d.  The  pilot  and  crew  fatigue  encountered  on  typical  ASW  missions 
justify  greatly  the  concept  of  automatic  flight  path  control. 

e.  The  system  is  produced  by  Sikorsky  Aircraft,  Diyi^iion  of 
United  Aircraft. 

Flight  Path  Concept 

The  concept  of  a  flight  path  is  not  new.  Its  application 
to  low  speed  helicopter/VTOL  aircraft  requires  that  we  modify 
our  thinking  in.  order  to  clearly  visualize  the  problems  related 
to  their  flight  characteristics  and  mission  profiles. 
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1.3*1  Land  Operation 

Normally  any  aircraft  designated  to  fly  from  one  station  to 
another  will  fly  a  specific  flight  plan.  A  precise  flight  path 
may  readily  be  defined,  with  the  knowledge  of  the  exact  runway 
that  is  to  be  used  and  what  approach  pattern  best  suits  the 
aircraft  characteristics.  The  landing  or  takeoff  heading  is 
defined  by  necessity,  and  the  approach  or  climb  out  by  standard 
procedures.  It  may  be  concluded  that  a  precisely  defined  altitude 
profile,  and  position  profile,  may  be  generated  to  specify  a 
flight  path  between  two  runways  fixed  on  the  earth.  Strategically 
located  navigational  aids,'  now  in  use,  may  provide  flight  path 
crosschecks  during  critical  phases  of  the  flight. 

1.3*2  ASW  Utilization* 


.  The  SH-3A  ASW  mission  profile  is  not  defined  at  any  given 
instant  during  dipping  operations.  The  short  range  between 
transitions,  and  variable  wind  direction,  create  problems  not 
'encountered  during  land  based  operations.  The  transition  heading, 
both  to  and  from  hover,  may  be  conveniently  defined  as  a  line  in 
space  which  rotates  about  a  specific  point  on  "the  ocean.  The 
direction,  at  any  given  instant,  depends  upon  wind  direction. 

Safety  of  flight  procedures  dictate  that  cross  wind  transitions 
of  greater  than  ten  degrees  are  undesirable. 

The  flight  path  defined  in  this  report  attempts  to  take  into 
account  the  problems  of  short  flight  distances;  and  variable  wind 
directions.  It  should  be  noted  that  system  limitations  exist, 
due  in.  part 'tp  the  GFE  systems  available,  and  the  limited  authority 
’  of  the  SH-3A  control  system.  However,  the  system  has  capabilities 
which  may  be  extended  with  minitaum  support  equipment  development. 
Briefly;  the  equipment  >Aiich  requires  improvement,  not  only  for 
flight  path  control,  but  for  all  modes. of  operation: 

a.  Altimeter  .(Radar  and  barometric) 
b^  True  airspeed  system 

c'.  Autopilot  system  (extended  authority  and  couplers) 

d.  Doppler  accuracy 

e.  Power  management  control 

f.  .  Navigational  displays  (plotters*  and  indicators) 


1—2 
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1  yPC  Description  Reference  SK52217 

I1,U*1  The  Flight  Path  Control  is  an  integrated  navigation  and 

stabilization  system  for  helicopters#  It  incorporates  a  strapped 
down  inertial  navigation  system  which  obtains  vehicle  acceleration 
and  angular  rates  from  six  body  mounted  accelerometers  and  gyros. 
The  acceleration  and  angular  rate  signals,  are  supplied  to  a 
digital  computer  which  resolves  the  acceleration  information  into 
'i  an  inertial  coordinate  reference  frai^.  The  digital  computer 

I’  •  double  integrates  the  acceleration  to  generate  a  continuous 

indication  of  position  in  inertial  space.  The  position  of  the. 
helicopter  is  converted  from  inertial  coordinates  to  present 
position  earth  fixed  latitude  and  longitude.  The  strapped  down 
inertial  system  is  aided  by  doppler  velocity  signals  which  are 
used  to  erect  and-  align  the  system, bn  a  moving  base. 

The  FPC-  contains  a  stored  flight  plan  which  when  compared 
^to  the  present  position  of  the  helicopter  generates  command 
signals  tc^  automatically  ^*fly"  the  vehicle  to  its  preprogrammed 
•  destination.  ’  These  command  signals  are  applied  through  a  modified 
SH-3  Helicopter  - Automatic  Stabilization  Equipment  autopilot  to 
actuate  the  control  surfaces.  .  .  ■ 

.The  FPG  can  be  overriden  at  anytime  by  the  pilot  who  can  • 
command  a' flight  in' any  manner.  The* FPG  can  be  reprogrammed  to 
a  limited  extent  in  .the  air.  ,  The  system  is  capable  of  storing 
-  several,  flight  plans  which  can  be  selected  by  the  pilot.’  A‘ 

'  completely  new  flight  program  can  be  inserted  into  the  computer 
by  modifying  the  program. on  the  flight  line.. 

2  -A  "Brief  Description  of  the  .F  PC  Performance  .Features  are:  * 

•'‘-r.  Prior  to ‘take off  a  series  of  manual  inputs  ‘must  be  inserted 
..  into  the  FPC.  .  The! coarse  erection  and  alignment  of  1he  inertial 
..//navigation  * system  will  b'e*  performed.  The  pilot  will  manually  ■ 

!  'take  off  and  fly  .the  helicopter  to  cruise  altitude  and  then 

.initiate  the  FPC.  *•  The  FPC  will  perform  fine  erection  and  align-, 
ment.of  the  strapped  down  system. 

2.  '  The -FPC  will  compute  the  wind  velocity,  the*  flight  path  and 
•  .  distance  to  the  first  dunk  point.  It  will  fly  the  helicopter  at 
a  constant  speed  down  wind  of  the  dunk  point-  and  then  fly  a 
transition  to  hover  at  the  dunk  point. 


I 


3.  When  the  first  dunk  point  is  achieved,  the  pilot  will  insert 
position  fix  data  to  update  his  inertial  navigation  system.  The 
computer  will  determine  the  flight  path  to  the  next  dunk  point. 
The  take-off  from  hover  will  be  initiated  by  the  pilot  and  will 
be  automatically  flown. 
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A  series  of  pilot  option  buttons  have  been  incorporated  to 
enable  the  pilot  to  modify  hia  flight  path  while  under  automatic 
flight.  The  option  selected  will  be  acted  upon  during  automatic 
flight  except  dui’ing  transitions  to  and  from  hover,  and  during 
the  Initial  portion  of  the  flight  to  the  first  dunk.  One  option 
will  be  accepted  by  the  computer  at  any  given  instant.  If  an 
orjtion  is  selected  during  a  transition,  only  the  last  option  will 
become  effective  when  either  the  "prepare  for  takeoff"  ia  pressed 
or  the  first  point  after  takeoff  is  reached. 

Tne  following  options  are  available  for  use  during  automatic 
flight: 

a.  Skip  one  dunk 

b.  Skip  two  dunks 

c.  Skip  three  dunks 

d.  Fly  to  new  dunk  point 

e.  Compute  new  pattern(ba3ed  upon  new  point) 

The  flight  to  the  first  dunk  is  unique  because  no  wind  infor¬ 
mation  exists  during  the  initial  phase  of  flight.  The  FPC  wind 
direction  computation  relies  upon  approximately  30^  of  the  range 
to  the  first  dunk  point  to  sum  up  wind  components.  During  this 
portion  of  the  flight,  a  pilot  option  will  not  be  acted  upon. 
However,  when  the  vehicle  reaches  a  point  which  is  ,7  the  distance 
oo  the  dunk  point,  the  last  option  selected  will  become  effective. 
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SUMMARY 


The  surnmniy  is  composed  of  three  sections;  a  report 
scope  vrfilch  describes  the  contents  of  the  report,  a 
conclusion  which  defines  the  results  of  the  design 
study,  and  a  statement  of  completed  task  which  defines 
the  work  completed. 

Scope  of  Report 

This  report  describes  the  analysis  and  design  of 
a  helicopter  guidance  system  known  as  a  Flight  Path 
Control  (FPC),  The  FPC  integrates  a  strapped  down 
inertial  navigation  concept  to  indicate  the  helicopter 
position  and  a  digit  ly  commanded  autopilot  to  aipfinl 
the  helicopter  control  surfaces  to  guide  it  on  a  pre- 
prograirmed  or  pilot  commanded  flight  path. 

The  report  discusses  the  detailed  design.  The  strapped 
down  inertial  navigation  is  detailed  which  includes  a 
description  of  the  basic  computational  f rame  of  reference, 
and  a  proposed  method  of  erection  and  alignment  on  a 
moving  base.  A  detailed  description  of  the  Inertial 
Measurement  System;  the  inertial  instruments,  gyros 
and  accelerometers,  the  pulse  torque  amplifier,  the  iner¬ 
tial  instrument  package  and  the  instrurient  calibration 
procedures  is  provided. 

The  basic  flight  path  concepts  includingi^the 
fil^nt  path  calculations,  implementation  and  control 
electronic o  are  defined. 

The  digital  system  siFnilation,  digital  computer 
a'jocificatfon,  input-output  int7;rface  design  and  computer 
program  are  summarized. 

An  lnsi;^t  is  provided  into  the  system  and  component 
errors  and  the  sensor  cost  reduction  trade-off  study. 

The  flight  test  power  supply  and  electronics  packages 
are  described.  Also  defined  are  the  QFE  instruments. 

It  was  neceasary  bo  limit  the  amount  of  detail 
presented  in  this  report.  Therefore,  some  subjects 
are  discussed  in  summary  fom  and  others  which  were  details 
having  no  specific  bearing  on  conclusicno  are  omitted 
entirely. 
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2.2  Dealfyi  Connlusionn 

The  FPC  desif^  has  resulted  in  a  system  which  will 
nutomati colly  maneuver  an  ASW  helicopter  through  a 
preprogrammed  flight  path  including  branaitiona  to  and 
from  hover.  The  over-all  analysis  and  design  can  be 
separated  into  subsystems  v/hlch  are  discussed  below. 

2,2.1  Navigation  System 

The  basic  strapped  down  navigation  computations 
will  be  perforiMed  in  the  inertial  frame  of  reference 
using  an  ellipsoid  of  revolution  as  an  earth  model  with 
a  homogenous  gravitational  field.  There  will  be  two 
modes  of  erection  and  alignment,  coa-gee  and  fine.  The 
coarse  ef'ection  and  alignnBnt  vdll  be  performed  for,  ,, 
three, minutes  on  the  carrier  deck.  It, will  use  self-  '  ■ 

contained  accelerometer  data  for  erection,  and,  external 
ships  heading  for  alignment,  llie,  fine  erection., apd  ,  ,,^ 

alignment  will  be  performed  in’ the.  air  using  external  , 
doppler  velocity  and  earth's  rate  d^u^ping.  .j^e  total  , 
erection  and  alignment  time  will  .be  1^  to  30 '  niinubes  .  ■ 

depending  on  tho  magnitude  of  the- initial  and  sustained, 
errbrsi’'  ,'  -S  ;  ■.'-'.’■■V:'  ' 

^  The  position  oJ*rprs  accumulated.by.the  strapped  down  ’ 

navigation  w''*rr'!  computed  based  on  typical- present  day  ■  • 
■tactical  limitations.  The  main  source  of  position' error 
is  the  inertial  gyro  drift  rate  shift 'which* can  be 
.I'/Hr.  ■'  .  '  '■  ■■ 

The  g^o  drift  rate  fiiift  is  cancoled  during  fdne 
erection  and  alignment.  It  is  estimated  that  a- 2.5  nautical 
die  (Root  Sum  Square)  position  error  will  be  accumuiated 
during  tlie  first,  hour  of  the  tesb  flight.  There  will  be  a 
1.5  nautical  mile  (R3S)  error  during  each  hom*  of  flight 
test  in  a  pure  inertial  mode. 

2.2.2  Inertial  Measurement  System  (IMS) 

The  inertial  measurement  system  is  the  he.art  of  the 
gimbal-less  inertial  navigation  system.  The  performance 
of  the  inertial  instruments,  single  degree  of  freedom 
gyros  and  accelerometers  are  the  limiting  influence  in 
the  position  error.  The  FPC  position  requirements  dictate 
the  use  of  a  .0l5*/hr.  gyro  to  yield  a  1.5  nautical  mile 
C.E.P. 
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The  acceleroiii->ter0  led  for  the  FFC  di’e  exrlKting 
Tinita  with  readily  obtaiijnble  req\i1  ^'gment s.  The  accelero¬ 
meter  dynamic  range  extends  from  10“^g  threshold  to 

maximum  input. 

The  pulse  torque  amplifiers  used  in  conjunction  with 
the  gyros  and  accelerometers  generate  digitalized  data 
(serial  pulse  train)  which  is  a  direct  indication  of 
angular  rate  and  acceleration.  Those  pulse  torque 
amplifiers  are  a  syjecialized  digital  to  analog  convertor. 

The  pulse  torque  amplifier  has  a  scale  factor  stability 
of  one  part  in  100,000  and  an  bias  stability  of  one  part 
in  a  million.  It  ie  designed  to  operate  at  130®F  ±  5"F  with 
the  output  bridge  regulated  to  150“F  ±  .1®F  to  achieve 
these  stability  criteria. 

A  detail  calibration  procedure  has  been  derived  to 
define  the  instrument  characteristics  such  as  bias,  scale 
factor  and  orthogonality.  The  procedure  requires  the 
rotation  of  the  inertial  package  through  various  orienta¬ 
tions  and  angular  rates  and  the  the  appropriate  parameters 
are  computed. 

A  solid  conduction  inertial  package  was  de.4igned 
to  contain  hhe  gyros  and  accelerometers  .  Its  special 
features  include  a  control  to  regulate  the  teirqDerature 
across  the  instrurfents  to  ±  .I’F,  a  weight  of  11  pounds, 
ease  of  calibration  and  simplicity  of  design. 

Flight  Path  bontrul 

The  FPC  contains  a.  computer  controlled  atatopilot 
designed  to  pilot  the  helicopter  automatically  through 
a  wide  variety  of  ASW  patterns.  The  FPC  will  calculate 
each  successive  dunk  point  in  a  pattern  centered  on  the 
search  datum,  aid  maneuver  the  vehicle  over  each  dunk 
point  in  turn. 

The  basic  units  of  the  system  are: 

1.  The  Dunk  Pattern  and  Flight  Path  Computer, 
which  accepts  inputs  from  the  pilot  and  naviga¬ 
tion  section,  generates  and  routes  digital 
commands. 

2.  The  Analog  Command  Generators  which  develop  the 
analog  command  signals. 
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3#  A  modified  Automatic  Stabilization  Equipment, 
which  provides  both  in^jlementation  of  the 
maneuvers  and  maintains  the  vehicle  in  a  d;ymainically 
stable  mode# 

The  FPG  will  function  in  an  ASW  pattern  with  a 
ndniraura  range  of  ^^©00  yards  between  successive  dunk 
points,  a  cruise  velocity  between  60  and  100  knots, 
a  hovering  altitude  of  20  to  100  feet  and  a  cruise 
altitude  between  100  and  200  feet.  Velocities!  above 
100  knots  are  possible  but  the  minimum  range  (5,000 
yards)  between  "dunk  points  mast  be  increased  to  allow 
sufficient  mai^euvering  room. 

The  FPC  will  automatically  command  and  maintain 
various  flight  modes  such  ass 

1.  A  constant  cruise  velocity# 

2.  Level  flight  at  preselected  altitude# 

3#  A  predetermined  fixed  distance  transistion 
to  hover  from  cruise* 

U#  A  transition  from  hover  to  cruise. 

5.  A  coordinated  turn. 

6.  Homing  on  a  preselected  point# 

Through  the  blending  of  navigational,  computational, 
and  autopilot  functions,  it  is  possible  to  provide  a  wide 
range  of  pilot  options  and  cnrerriding  capabilitle  s,  thus 
enabling  the  pilot  to  skip  dunk  points,  leave  and  re-enter 
the  pattem  at  any  time,  or  to  start  a  new  pattern  centered 
on  a  datum  point  of  his  dioice.  Upon  leaving  the  pattern, 
the  pilot  may  insert  a  selected  point  in  the  FPC  and  be 
flown  automatically  to  this  point,  terminating  in  a  hover 
over  it. 

Much  of  the  flexibility  in  the  program  stems  from 
the  fact  that  the  pattern  is  realized  by  homing  on  success¬ 
ive  points  rather  than  by  dead  reckoning  methods#  Also, 
the  system  operates  at  low  aufc hold ty  levels,  consistent 
with  automaticafli^t  practices;  this  gives  the  pilot 
ultimate  control  over  the  vehicle  at  all  times.  Finally, 
pilot  opinion  has  been  ,a  prime  factor  in  all  design  con¬ 
siderations;  automatic  maneuvers  were  designed  to  duplicate, 
as  nearly  as  possible  existing  manual  ASV/  maneuvers# 
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Digital  Equipment  Design 

The  digital  simulation  studies  indicate  that  a 
high  speed,  pnralle'J  word  digital  computer  will  be 
required  to  resolve  the  stfapped  down  rystem  equations. 

It  should  have  a  U096  word  memory  capacity  with  a  word 
length  of  30  bits  (29  bit  plus  a  sign  bit).  The 
operation  times  shall  be 

Addition  —  leas  than  2U  microseconds 
including  access  time 

Multiplciation  —  less  than  l50  microseconds 

’.;ith  the  time  as  small  as  possible.  The  digital  computer 
must  perform  fourth  order  Runge-Kutta  integration  to 
minimi  Tie  dynamic  errors.  The  iteration  time  will  be- 
2no  milliseconds.  The  channelized  digital  ^stemwas 
compared  to  a  centralized  processing  unit  to  perform  the 
digital  coupler  functions.  The  central  processing  unit 
is  the  best  apprcnch  because  it  results  in  less  hardware 
because  of  its  ability  to  tine-share  computation.  The 
analog  coupler  is  used  in  the  system  since  it  was  in  exist¬ 
ence  and  required  no  design.  The  digital  input-output 
interface  was  designed.  The  data  input-output  operates 
under  direct  authority  of  the  computer  in  a  synchronous 
mode, 

Cleneral  Systems  Design 

Ibe  use  of  the  inertial  navigation  sensors' to  provide 
stability  augmentation  signals  to  the  autopilot  will  result 
in  a  cost  reduction  when  ccraja-ed  to  a  syAem  containing 
bot’i  inertial  and  autopilot  sensors.  The  rol lability  will 
be  slightly  improved  because  several  of  the  analog  sensors 
are  retained  for  redundancy. 

The  flight  test  power  supp.y  will  consist  of  three 
commercial  DC  suppHes,  two  integral  DC  supplies  and  a 
Lt60  cps  A.  C,  supply.  .  ■ 

The  electrcnics  package  will  consist  of  six 
commercial  type  consoles  and  a  pilot’s  control  panel. 

The  combined  weight  of  the  four  items  will  be  approximately 
550  pounds • 
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Sta-'/ement  of  Task  Completion 


Hamilton  Standard  Electronics  Department  has  designed 

an  integrated  flight  path  control  ^stem  in  fulfillment  of 
Bureau  of  Naval  Weapons  Contract  Nximber  NOW  62-0873B'. 

In  aoeordance  with  the  Statement  of  Work  dated 

March  9,  1961,  HSED  has  accomplished  the  followings 

1.  A  four-channel  autopilot  system  has  been  designed 
by  modifying  th^  existing  SH-3A  Automatic  Stabiliza¬ 
tion  Equipmsnt,  The  coupler  functlcns  are  an  integrated 
part  of  this  hardware. 

2.  A  series  of  digital  signals  are  available  for  display 
of  aircraft  performance. 

3.  The  tie  in. to  government  furnished  equipment  has  been 
reviewed  and  adapters  desif^ied  vti ere  necessary.  ■  . 

li,  A  sensor  cost  reduction  trade  off  study  was  performed. 

5.  The  relative  advantages  of  analog,  channelized  digital 
and  centralized  digital  implementation  of  the  coupler 
functions  have  been  determined. 

6.  A  detailed.  Investigation  of  the  doppler,  radar  and  radar 

altimster  was  performed.  All  other,  existing  OI'E  •  ‘ 

eauipment  will  presently  meet  the  performance  objectives 
and  was  not  c.tudie'^, 

7.  This  report  covers  the  deed  gn  of  the  flight -test  bread¬ 
board. 
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3.0 _ DET/'.lL  DESIGN 

This  section  defines  the  design  effort  wiiich  provides  for  an 
integration  of  a  "strapped-down"  inertial  navigation  system,  and 
a  flight  path  control  system.  The  major  design  efforts  are 
tabulated  as  follows: 

a.  Navigation  system,  which  includes  erection  and  alignment. 

b.  Inertial  measurement  system. 

c.  Flight  path  control  design. 

d.  figital  computer  and  associated  equipment. 

e.  General  systems  design  including  the  system  error  analysis. 

3.1  _ Navigation  System 

3.1.1  Introduction 

The  task  of  directing  one's  course  from  one  location  to 
another,  through  calculations  using  position,  velocity,  and 
acceleration  is  divided  into  two  functions;  one  function,  commonly 
referred  to  as.  navigation,  deals  with  the  necessary  calculations 
to  determine  one's  instantaneous  position  and  the  second  futxjtion 
is  the  directing  and  is  called  guidance  or  control.  This  section 
of  the  report  deals  only  with  the  navigation  portion  of  the  above 
task,  i,e.  the  calculations  and  related  equations  necessary  to 
'determine  one's  location  at  any  time  after  the  flight  has  begun. 

Included,  is  a  description  of  the  alignment  procedure  on  a 
moving  base  and  the  calculations  necopsary  for  an  inertial 
navigation  system  mechaniised  by  a  digital  computer  and  inertial 
sensors  which  are  mounted  in  a  fixed  orientation  wl'thin  the  heli¬ 
copter,  i.e.  a  "strapped  down"  inertial  navigation  system,  (The 
alignment  procedure  on  a  fixed  base  is  also  included.)  The  strapped 
down  navigation  system  departs  from  the  present  state  of  inertial 
navigation  systems  in  that  a  stable  platform  is  not  required  because 
the  resolution  of  acceleration  from  the  accelerometer  axes  to  the 
space  integration  (computation)  axes  is  performed  by  the  digital 
computer , 

The  "sbrapped-down"  system  is  aligned  and  erected  to  a 
computational  reference  frame  that  is  defined  by  the  earth's 
geometrical  model. 

It  is  generally  realized  that  complexity  of  the  basic  navi¬ 
gation  calcuia lions  (those  calculations  that  are  necessary  assuming 
perfect  conditions;  must  be  significantly  Increased  due  to  non-ideal 
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inputs  and  instruments;  hence,  considerable  attention  -will  be 
giYen  to  developing  the  proposed  navigation  formulation  from  the 
basic  system  in  order  to  compensate  for  anticipated  errors  from 
various  sources. 

3 #1.2  Design  Conclusions 

Because  of  the  inherent  non-linear  characteristics  of  a 
.  digitally  controlled  fixed-frame  inertial  guidance  system,  normal 
servo  techniques  do  not  provide  a  valid  dynamic  analysis  of  the 
system  processes#  The  ability  of  the  proposed  system  to  perform 
as  stated  is,  therefore,  contingent  on  the  verification  of  the 
design  hyppttesis  by  either  digital  simulation  or  actual  flight 
testa. 

The  primary  conclusions  that  resulted  from  the  study  of  the 
navigation  requirements  of  the  FPC  considering  tactical  and 
accuracy  specifications  are: 

1#  Navigation  computations  will  be  performed  in  the  inertial 
reference  frame# 

2.  An  ellipsoid  of  revolution  will  be  used  as  the  earth  model 
with  a  gravitational  field  based  on  a  homogeneously 
distributed  mass  within. 

3#  Coarse  erection  and  alignment  of  the  system  on  the  carrier 
deck  will  be  performed  using  inertial  sensor  derived  gravity 
components  with  external  heading  and  present  position 
information. 

U.  Fine  erection  and  alignment  in  air  will  be  performed  using 
external  doppler  velocity  information  and  earth* s  rate# 

5.  The  total  erection  and  alignment  time  will  be  15  to  30 
minutes  depending  on  the  magnitude  of  initial  condition 
errors  # 

6.  The  gyro  drift  components  will  be  compensated  through  the 
use  of  doppler  velocity  information  and  an  internally 
generated  earth  rate  signal  in  a  gyro  feedback  loop# 

3#1#3  Selection  of  Computational  Frame  of  Reference 

The  choice  of  the  reference  frame  in  thich  the  sensed 
accelerations  to  be  expressed  to  enable  their  integration 
for  thp  detenairiation  of  position  was  restricted  to  two  frames 
(1)  an 'inertial  frame  and  (2)  a  present  position  frame  (one 
related  to  the  instantaneous  location  of  the  craft  in  earth 
coordinates).  Other  conceivable  reference  frames  were  not 
considered  at  length  because  they  seemed  to  contain  fewer 
advantages  than  the  two  proposed  frames#  Specifically,  the  two 
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frames  considered  were  an  inertial  frame  centered  at  the  center 
of  the  earth  model  chosen  (hence  it  is  implicitv  assmed  that 
the  earth center  is  moving  in  a  straight  line)  and  a  present 
position  frame  whose  coordinates  are  ‘Iktitnde,  longitude,  and 
distance  from  the  center  of  the  earth  model. 

The  obvious  advantage  of  the  inertial  frame  is  that  once  the 
sensed  accelerations  are  properly  resolved  and  gravitational 
attraction  compensation  has  been  accomplished  then  there  exists 
a  linear  relationship  between  the. true  acceleration  along  a  given 
axis  and  the  displacement  along  the  same  axis.  This  condition 
does  not  hold  for  the  present  position  in  that  due  to  its  relative 
motion  with  respect  to  an  inertial  frame  products  of  ihe  unknown 
quantities  appear;  hence,  the  required  integrations  become  much 
..  more  complex. 

A  major  disadvantage  of  the  inertial  frame  is  that  a  somewhat 
complicated  calculation  is  necessary  to  determine  the  proper 
gravitational  attraction  Compensation  for  each  acceleration 
component.  However,  for  the  present  position  reference  frame.it 
might,  be  possible  to  eliminate  the  need  of  using  gravitational 
attraction  compensation  by  eliminating  the  need  of  the  acceleration 
along  the  axis  containing  the  gravitational  attraction.  This 
;  would  be  accomplished  by  duplicating  the  procedure  of  a  stable 
platform  type  of  navigation,  system;  thusi  only  the  horizontal 
acceleration,  components  would  be  used  and-  either  an  external 
altitude  reference  or  the  assiimption  that,  the  flight  would  take 
.  place  on  the.  earth's  surface  would  necessarily  be  involved. 

It  was  first  thought  that  the  present  position  scheme  would 
be  inherently  more  accurate  than  the  inertial;  however,  upon 
•  closer  examination,  it  was  decided  that  this  was  incorrect. 

.  .  Therefore,  because  of  the  much  less  complicated  integration  that 
is  necessary  and  because  the.  total  nxzmber  of  calculations  appears 
to  be  smaller,  the  inertial  frame  has  been  chosen  as  the  frame 
.  Iri  which  the  position  integrations  shall  be-  accomplished. 

3.1.U’  Description  of  Basic  Navigation  System 

In  this  report  the  "basic  navigation  system"  is  the 
terminology  used  to  describe  the  calculations  that  would  be 
necessary  if  there  were  no  error  sources,  i.e.  perfect  instruments, 
perfect  knowledge  of  initial  conditions,  perfect  integrations, 
and  many  others.  The  following  figure  (Fig. 3)  shows  those 
operations  that  are  essential  for  navigation  using  only  measure¬ 
ments  of  acceleration  iand  angular  rates. 
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Figure 


3#1.U  (Continued) 


The  diagram  is  intended  to  be  self-explanatory  but  a,  short 
description  does  not  seem  superfluous.  The  angular  rate  and 
sensed  acceleration  (true  acceleration  plus  gravitational  attrac¬ 
tion)  are  sensed  by  two  orthogonal  arrays  of  instruments  parallel 
to  one  another  (gyros  and  accelerometers) 3  thus,  the  angular  rates 
and  sensed  accelerations  are  indicated  by  the  vectorial  avm  of 
their  respective  components.  The  angular  rate  components  are  then 
used  to  obtain  the  solutions  of  a  set  of  integral  equations  relating 
orientation  of  the  instrument  coordinate  (XYZ)  system  to  inertial 
(ENU)  coordinate  systems,  vis,  the  direction  cosines  between  the 
two  systems.  These  direction  cosines  then  become  the  inputs  to  the 
box  labeled  "Base  Motion  Isolation".  The  function  of  Base  Motion 
Isolation  is  to  reflect  the  sensed  accelerations  from  the  frame  of 
the  instruments  (XYZ)  to  the  inertial  coordinate  system  (ENU), 
i.e.,  it  is  a  matrix  multiplication  used  to  resolve  ihe  sensed 
accelerations  into  the  coordinate  frame  in  which  the  integrations 
will  be  done.  Now  that  the  sensed  accelerations  are  in  the.  ENU 
frame ,  the  component  due  to  gravitational  attraction  is  removed 
prior  to  integration;  the  resulting  signal  represents  the  inertial 
acceleration  lor  true  acceleration)  of  the  craft.  As  can  be  seen 
from  Figure  3  the  gravitational  attraction  compensation  is  a 
function  of  the  inertial  position  coordinates.  The  true  acceleration 
is  now  integrated  once  to  obtain  inertial  velocity  and  then  a  second 
time  to  yield  the  inertial  position  coordinates  of  the  helicopter. 

As  stated  previously  these  inertial  coordinates  are  used  to 
calculate  the  gravitational  attraction  compensation;  liiey  are  also 
operated  on  to  produce  the  corresponding  position  information  in 
map  coordinates. 

The  remaining  portions  of  this  section  (3*l)  shall  be  directed 
towards  a  more  specific  discussion  of  the  proposed  navigation 
system. 
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Erection  and  Aligrnnent 
General  Description 

The  erection  and  alignment  process  of  a  fixed-frame 
inertial  guidance  system  yields  the  initial  values  of  the 
direction  cosines  that  relate  the  system  instrument  axes 
to  the  computational  axes,  i.e.,  provides  accurate  knowledge 
of  the  instrument  axes  orientation  in  the  computational 
reference  frame.  Since  the  computatidnal  frame  is  coinci-. 
dent  with  the  physical  geometric  reference  (the  Hayford 
ellipsoid  of  revolution),  the  required  information  is  ob-* 
tained  through  the  measurement  and  mathematical  .resolution 
of  physical  quantities.  Reference  to  Figure  3  will  show 
that  the  erection  and  alignment  process  must  provide  the 
instantaneous  relationship  between-  the  system  instrxament 
axes,  which  may  be  at  any  ..attitude .  near- the  surface  of  the 
earth,  and  the  earth  centered  inertial  reference  frame. 

For  a  fixed  base  system,  this'  relationship,  is*  derived 
in  a  two-step  process  which  .utilizes  .'craft  latitude  a.nd  long-  .. 
titude  to  define  the  location  of  the  present  position  .coordinates 
with  respect  to  the  inertial  reference'frame, -  and  accelerometer 
and  gyro  outputs  to  define  the  ..orientation  of  .the  instrument 
axes  with  respect  to  the'present  position  coordinates. 

The  second  step  accomplishes  the  same ‘results’ as  erecting 
and  aligniiig  a  platform,  system  to  a  local  vertical-local  north 
reference.  This  step  is., performed- in, a^.  inert.ial.  system  (oh  a 
fixed  base)  by  direct  measurement  of;  gravity  and  earth*s  ’  rate. 

In  the  general  case,  the  relative  magnitude  of  the  gravity"- 
components  sensed  by  each  accelerometer  ellow.:  the  determiiM- ’ 
.tion  of  the  direction  cosines:  between  the  instrument  axes  and 
the  local  vertical','  .  The  outputs  of  the  accelerometers  and  • 
gyros  are  used,  together  with 'the  .  knowledge  that  there  is  no  . 
earth  rate  component  along  the  local  east  vector,  to  geherate 
the  other  six  direction  cosines  .defining  the  spatial  relation¬ 
ship  between  the  instrument  axes  and  the  local  north-local 
east  axes. 

In  the.  absence  of  external  disturbances,  measurement 
accuracies  in  the  order  cf  1  x  ID"^'  g  are  possible  with  available 
accelerometers.  Earth  rate  component  information  may  be 
obtained  to  the  zero  drift  tolerances  of  state-of-the-art  rate 
gyros,  approximately  ,01®/hr.  Physical  measurements  with 
these  accuracies  permit  erection  and  alignment  of  inertial 
guidance  system  to  within  30  secoixis  of  vertical  and  ^  mili 
radims  of  true  north  within  several  minutes. 
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3. 1*5. 2  Environmental  conditions  aboard  medium  weight  carriers. 

It  is  intended  that  the  Flight  Path  Control  be  used  on 
aircraft  carrier  based  helicopters.  The  condition  found  on 
a  ship  at  sea  are  far  from  ideal  for  the  erection  and  alignment 
of  an  inertial  navigation  system,  platform  or  fixed -frame, 

A  ship  underway  on  a  calm  sea  is  subject  to  the  random  motions 
resulting  from  normal  maneuvers  as  well  as  the  low  frequency 
perturbations  that  result  from  inexact  steering  (helmsman 
wander).  Given  sufficient  time,  periodic  motions  may  be 
filtered  to  any  desired  magnitude,  minimizing,  their  effect 
on  the  alignment  process.  The  effects  of  non-periodic  motions 
due  to  turns,  acceleration,  deceleration,  etc,  cannot  be 
completely  eliminated  by  filtering  since  a  steady  offset  of 
the  output  quantity  results,  yielding  erroneous  component 
information  to  the  erection  and  alignment  system.  Compound 
. these  effects  with  a  disturbed  sea  and  accurate  alignment  of 
an  inertial  system  on  the  flight  deck  becomes  difficult. 

The  repetitive  pitching  arid  rolling  motions  induced  by  . 
the  sea  cause  centripetal  accelerations  at  all  locations  on 
the  ship  other  than  the  center  of  rotation.  These  accelerations 
proportional  to  sine^  and/or  cosine^^  are  unidirectional 
.  yielding  steady  acceleration  components  which  prevent  accurate 
determination  of  the  local  gravity-  vector  position  and  magni¬ 
tude  by  accelerometer  measurements  or  closed  loop  leveling 
techniques.  Because  of  the  tight  coupling  between  the  erection 
and  alignment  modes,  the  resulting  errors  in  leveling  define 
the  minimum  limits  of  alignment  accuracy. 

Consider  the  separate  acceleration  components  that  are 
sensed  by  an  accelerometer  mounted*  on  the  flight  deck  of  a 
carrier  parallel  to  the  longitudinal  axis.  In  the  general  ' 
case,  the  accelerometer  will  be  displaced  from  the  ship’s 
centers  of  rotation  both  vertically  and  horizontally  resulting 
in  cross -coupling  due  to  pitch,  roll,  and  yaw.* 

output  of  this  accelerometer  is  composed  of: 

.© 

Longitudinal  acceleration  modified  by  pitch  and  yaw  angles. 
Gravity  component  variation  due  to  pitch  and  roll  angles. 
Centripetal  acceleration  due  to  pitching  modified  by 
yaw  angle. 

Centripetal  acceleration  due  to  yaw  accelerations  modified 
by  pitch  and  roll  angles. 


The 

!• 

2. 

3. 

h. 
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5.  Centripetal  acceleration  due  to  roll  while  the  ship  is  pitched* 

6*  Tangential  acceleration  due  to  yaw  rates. 

?•  Tangential  acceleration  due  to  pitching  and  rolling. 

Dsing  the  relationship's  defined  in  Figure  U#  the  accelera¬ 
tions  sensed  by  the  longitudinal  accelerometer  in  the  sensor 
package  are: 

a  Long”  X^cosVcos^j  Y  sin^^  -  Z  sin^  -  g  sin^ 

■  -*y'(Rp^+Ry2^)2^sin[^tan“^Rp/Ry2]  cos  ^ 

+*y  (Rp^+Rr2^)^  cos  Qtan  ^  Rp/Rra]]  cos  <j) 

^  (Ry^+Rr3_2)|  sin  Ctan~^  Ry/Rr  J  cos*y^ 

•r^^(Ry^+Rri  cos(^tan~^  Ry/^riJ  cos^ 

+[^(Ry^+Rp^)^sin(tan“^p/Ry)+^(Ry^+Rp2)2cos(tan“^Rp/Ry3sin^ 
0(RY^+Rp^ )^cos ( tan“^Rp/Ry‘)+^’(Ry^VRp^ )2sin( tan  ^p/RyJJ sinTl^ 

It-  will  be  noted  that  the  sixth  (6th)  and  eighth  (8th) 
terms  are  always  positive,  independent  of  ships  motions  while 
the  remaining  terms  change  sign  with  each  craft  oscillation. 

It’  is  the  positive  terms  in  this  expression  that  prevent 
accurate  determination  of  the  gravity-derived  signals  using 
filtering  .techniques.  For  operation  on  a  medium  weight  carrier 


in  a  state  5  sea,  typical  values  of  craft  motions  are: 

Pitch 

.0l;6  rad 

Csin(.5t+^^  3 

Roll 

.082  rad 

£  sin( 

:'.Yaw 

.026  rad 

Csin(.05t-i^^)3 

;  .‘Hea-ye  accelerations 

mm 

-Z  - 

.5l4ft/sec 

:2|^sin(.U7t4^*,)l 

Surge  accelerations 

•  *• 

-X  = 

•hOft/sec 

;2[sin(t+  )2 

S^^ay  accelerations 

#• 

-Y  ” 

.60ft/sec 

:^[sin(.6t+^y  )3 

..Typical  values  of  the  distances  shown  are: 


Ry  «  80  ft. 
Rr];^  1|1|0  ft. 
Kr2=  100  ft. 
Rp  =  50  ft. 


HSER  2653 


VaU/ 

Atis  Sensor 
jS  I  Package 


Figure 

Definition  of  relationships  bet>ieen  sensor  package  location  and 
centers  of  rotation  of  aircraft  carrier. 
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The  resulting  expreasion  for  the  output  of  the  longitudinal 
accelerometer,  using  small  angle  apf)roximations,  is  then: 

®Long"  .)40sin(t+^^  )  +  .6  3in(.6t+^y  )|So?!6  sin(  .03t+^y  )J 

-.5li  sin(.h7t+^^  )[.oy^  sin(.^t+^^  )J  -  32.2Qoh6  s‘in(,3t+ 

+  .63'xlO  ^*sin(  .05t+^y)(ll2)(JjU6)  +  (  .13x10  )^cos2(  .o5tH^y)(112)(  .89) 

-.0135  3in(.5t4.^-^  )()iii6)(.l82) 

-(.027)^  cos^(.5t+^^  )()il46)(.98h) 

+  [‘-.Ol663in(.)i5tt^^)(9)i.2)(.53)  +  (.03''9)^cos^(.l45t+^<a)(.8ltO)^9)i.2j 
(.01:6  sln{'.5t+ 

-Q+.0l66sin(.)i5t+^Q)(9)!.2)(.8),8)+(.0359)  ^COS  ^(.1:5^«^(.53)(9Ji.?^ 

(.026  sin{.05t+^^  }) 

Assuming  all  phase  angles  equal  zero  and  calculating  the 
r.m.s.  magnitudes,  the  separate  components  of  the  acceleration 
arfe  approximately: 

'L  =  ±  .1)  i  .0156 .021(8  1.1(8  ±  .00321:  +  .000169 

■‘-'ong 

±  1.08  -  .321  .038  ±  .005  .03U5  +  .00176  (ft/sec^) 


The  two  terms  of  non-varying  sign  have  magnitudes  of 
+.00169  ft/aec^  and  -  .321  ft/sec. 2.  The  first  of  these  due 
to  yaw  rates,  is  insignificant  when  compared  to  the  second 
which  is  caused  by  the  pitching  excursions  of  the  ship.. 
Centripetal  acceleration  componont?  of  this  magnitude  cause 
approximately  a  0.5°  error  in  system  erection. 

Similar  cross -coupling  terms  of  non-varying  sign  are 
present  in  the  outputs  of  the  vertical  and  lateral  accelero¬ 
meters  mounted  in  the  sensor  package  at  the  same  location. 

For  this  reason,  any  purely  Inertial  system  located  at  unspe¬ 
cified  locations  on  the  deck  of  a  ship  to  be  erected  only  by 
open  or  closed  loop  filtering  techniques  will  seek  a  position 
determined  by  the  average-apparent  vertical  not  the  true 
vertical.  This  will  introduce  large  errors  in  the  system 
erection  and  alignment  which  will  be  present  even  if  the 
ship  is  steaming  at  a  truly  constant  heading  and  velocity 
in  a  disturbed  sea. 

The  results  of  the  above  derivation,  based  on  a  discrete 
frequency  representation  of  a  ship's  motions  is  complicated 
by  the  fact  that  disturbed  seas  which  cause  these  motions 
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actually  occur  as  a  spectrum  with  energy  distribution  cover¬ 
ing  a  broad  frequency  band*  The  center  point  and  shape  of 
this  spectrum  vary  with  wind  velocity,  duration  and  fetch* 
For  aiiy  one  set  of  wind  conditions,  this  spectrum  as  viewed 
from  a  moving  vessel  changes  in  frequency  range  and  contour 
for  each  ship*s  velocity  and  heading  (head  sea,  beam  sea, 
quartering  sea,  following  sea,  etc*)  due  to  the  varying 
frequency  of  encounter* 


The  most  widely  accepted  representation  of  sea  conditions 
is  that  generated  by  Neuman  et.  al*  which  is  based  on  the 
hypothesis  that  a  seaway  is  con5)osed  of  an  infinite  number 
of  wave  systems  which  vary  in  frequency  and  direction  of 
travel.  The  sea  state  representation  is  expressed  as  a  power 
spectral  density  based  on  a  fully  developed  sea  as  determined 
by  measurements  at  a  fixed  point.  The  spectrum  for  a  state  3 
sea,  given  in  Figure  5  can  be  expressed  by  the  relationship:. 

La(w)12  -  (c/w2) 


where 


LA(«fl2 

is  the  energy  spectrum  in  ft.^  sec 

.  c 

is  a  constant 

w 

is  the  wave  frequency  in  rad/sec 

.  g 

is  the  accelerations  of  gravity  . 

in  ft/sec. 2  .  • 

• 

V 

is  the  wind  velocity  ft/sec. 

Because  w  is  given  as  wave  frequency  at  a  fixed  point,  it 
must  be  modified  to  reflect  the.  ship^s  velocity  and  heading. 


Since  w  kc 

and  V  »  K(V  ±  C)  for  head  or  following  seas 

where  v  is  the  frequency  of  encounter  in' rad/sec 
V  is  the  ship’s  velocity  in  ft/sec* 
c  is  the  wave  clerity  in  ft/sec# 

1  1)  W 
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The  Neumann  spectrum  may  therefore  be  recalculated  replacing 
V  for  W  for  each  velocity  condition  desired.  Figure  6  shows 
the  resulting  spectrum  as  it  affects  the  longitudinal  axis 
of  the  ship  spectrum  for  a  velocity  of  35  kts  in  a  following 
sea.  As  would  be  expected  the  peak  energy  is  concentrated 
at  a  much  lower  frequency  with  a  decrease  in  the  over-all 
spectral  density.  Bringing  the  ship  about  at  the  same  velocity 
would  cause  the  spectrum  of  encounter  to  shift  upward  in 
frequency  to  its  fixed  point  configuration  at  the  beam  sea 
condition  and  shift  to  a  much  higher  frequency  as  the  ship 
moves  through  the  quartering  sea  to  a  head  sea  condition. 

It  is  therefore  possible^  and  probable,  for  the  encounter 
spectrum  of  a  given  sea  state  to  contain  high  frequency  wave 
disturbances  or  wave  disturbances  with  periods  approaching 
that  of  a  Schuler  tuned  system  minutes).  These 

may  well  occur  in  low  sea  states  when  all  tactical  operations 
are  possible  and  therefore  must  be  considered  in  the  design 
of  an  erection  and  alignment  system* 

The  energy  distribution  of  these  widely  varying  wave 
forcing  functions  is  modified  by  the  inherent  dynamics  of  the 
operations  ship  resulting  in  peak  energy  concentrations  for 
pitch  and  roll  angles,  and  heave,  surge,  and  sway  accelerations 
(Figure  7.)«  The  corresponding  crafts  motions  and  acceleration 
in  these  axes  are  therefore  greatest  near  the  peak  energy  points 
with  reduced  magnitude  at  higher  and  lower  frequencies.. 

Of  primary  concern  are  the  low  frequency  components  which 
are  the  most  difficult  to  attenuate  through  filtering  techniques 
because  of  the  long  averaging  times  required.  The  spectra  of 
ship  motions  and  accelerations,  corresponding  to  the  energy 
spectra  of  Figure  are  shown  in  Figure  8.  For  the  sea  state, 
ship  velocity,  and  heading  conditions  which  existed  when  these 
measurements  were  made,  the  significant  perturbations  occurred 
between  .3  rad/sec  and  2  rad/sec.  For  other  environmental 
conditions  significant  disturbances  may  be  expected  to  range 
between  0.1  rad/sec  and  k  rad/sec.  Since  the  period  of  oscil¬ 
lation  corresponding  to  0.1  rad/sec  is  62  sec..,  an  averaging 
time  period  of  approximately  600  sec  (lO  minutes)  wilJL  be 
required  to  attenuate  this  to  one  tenth  of  its  value. 

The  effect  of  ship^s  dynamics  about  the  yaw  axis  modifies 
the  encounter  energy  spectrum  in  a  much  different  way.  The 
yaw  axis  energy  and  motion  spectra  (Figure  9)  determined 
from  measurements  made  with  the  same  environmental  conditions 
as  the  previous  data,  indicates  significant  yaw  axis  excursions 
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well  belowO.OOl  rad/sec  (period  100  minutes)  ahd^yaw 

rates  equal  to  earth  rate  (.OOU  ®/sec)  at  frequencies  of"  ‘ 
approximately  .01  rad/ssc  (period  10  minutes).  Averaging 

over  10  cycles  to  obtain  reduction  in  amplitude  by  approximately 
lO/l  would  therefore  require  100  minutes. 

Additional  perturbations  that  must  be  considered  when 
determining  the  total  disturbances  to  a  carrier  based  inertial 
system  are: 

(1)  Natural  ship’s  vibrations. 

(2)  Longitudinal  and  torsional  bending  due  to  ship  and 
sea  motions. 

(3)  The  effects  of  the  e^q^ansion  joints  along  the 
length  of  the  ship. 

It  is  theoretically  possible  to  compensate  for  many  of 
the  external  disturbances  using  ship  derived  pitch,  roll, 
heading  and  velocity  signals  when  location  of  the  inertial 
system  is  known  with  respect  to  the  centers  of  rotation 
of  the  ship. 

For  the  specific  tactical  situation  of  the  Flight  Path 
Controller,  the  helicopters  equipped  with  the  inertial  systems 
may  be  located  at  random  areas  of  the  flight  decks  so  this 
type  of  compensation  cannot  even  be  considered. 
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Self-Contained  Gyrocompassing  Inertial  Systems 

The  several  methods  proposed  for  erection  and  alignment 
of  local  ^level  geometric  reference  giai dance  systems  Aether 
platform  or  fixed  frame,  all  reduce  basically  to  low  band  pass 
closed  loop  systems  which  reduce  the  magnitude  of  unwanted 
input  disturbances  by  filtering  (or  averaging)  processes.  The 
band  width  of  this  closed  loop  must  be  optimized  for  two  con¬ 
flicting  requirements: 

1.  Mlniiidzation  of  solution  time  with  a  given  set  of  input 
disturbances. 

2.  Minimization  of  the  forced  dynamic  errors  resulting  from 
the  input  disturbances. 

The  erection  and  slignment  mode  of  self-contained  local  level 
inertial  systems,  are  generally  designed  as  ^own  in  the  sin?5li- 
fied  block  diagram  of  Figure  10.  These  systems  whether  they  are 


Base 
I  Motion 
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classified  as  acceleration-coupled  vith  internal  filtering 
or  velocity  coupled  with  internal  feedback,  are  essentially 
equivalent  &nd  are  designed  to  have  inaxiirrum  input  distrubance 
attenuation  characteristics  with  minimum  time  constant  filters • 

An  exairple  of  the  dynamic  response  of  the  erection  and 
alignment  modes  of  a  typicsQ.  system  may  be  obtained  from  analysis 
of  the  system  showi  in  the  simplified  block  diagram  of  Figure  11. 
This  system  contains  second  order  filters  with  the  loop  gains 
adjusted  to  yield  critical  damping  of  the  major  leveling  loop 
dynamises.  The  filter  time  constants  are  chosen  to  provide 
adequate  attenuation  of  pitdi  arid  roll  disturbances  and  results 
in  a  leveling  time  of  approDdmately  5  minutes  for  pitch  and 
roll  motions  of  10  degrees.  It  will  be  noticed,  however,  that 
attenuation  of  yaw  axis  motions  is  very  small  and  that  there 
Is -no' provision  to  attenuate  the  steacty  tangential  accelera¬ 
tions  that  result  from  the  pitching  and  rolling  motions. 

The  gyrp  coi^assing  loop  dynamic  response  is  obtained 
using  the  closed  loop  response  of  the  East  leveling  loop  in 
the  forward  path  as  shown  in  Figure  12.  The  root  locus  plot 
shows  the  closed  loop  response  to  consist  of  a  pair  of  dominant 
complex  roots,  with  a  subordinate  con^jlex  pair  and  a  hi^  fre¬ 
quency  lag.  The  loop  gain  (which  must  vary  as  a  function  of 
latitude)  is  adjusted  to  yield  a  well  damped  system. 
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Closed  Leveling 
Loop 


Filter 


Simplified  gyro  compassing  loop;  iihich  reduces  to: 


H  n.  io 

(xio-^) 

□  Closed  leveling  loop  po 
X  Open  gyro  Icgip  poles 
^  Closed  gyro  loop  poles 


Root  Locus  Plot 


Figure  12 
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With  K2  Gos  X  equal  to  65,  the  leveling  time  for  5  degrees 
initial  misalignment  is  approximately  l5  minutes. 

In  this  loop  also,  there  is  no  provision  to  remove  the 
steady  acceleration  component  caused  by  ship  motions*  It  is 
evident  that  no  low  pass  filter  can  be  desigied  to  eliminate 
the  cosine^  tangential  acceleration  components  yet  pass  the 
steac^y-state  earth  rate  and  gravity  signals*  If  it  is  possible 
to  reduce  these  effects  by  some  other  means  such  as  location 
of  the  instrument  package,  then  filtering  is  practical  for 
sea  state-ship’s  velocity  heading  conditions  which  result 
in  relatively  high  frequehcy  oscillatory  motions* 

Eternal  Velocity  Inputs 

The  difficulties  encountered  in  aligning  self-c6h:tained 
inertial  systems  on  a  moving  base  •jhich  requires  sepj^at5on 
of  the  earth  rotational  rate  of  O.OOU*/sec*  from  sinusoidal 
base  rates  of  approximately  l*/sec*  may  be  dLeviated  through 
conqpariscffi  of  computed  inertial  parameters  with  eqpcdvalent 
'externally  measured  parameters*  The  logical  choice  of  external 
inputs  is  craft  velocity  liiich  may  be  obtained  from  doppler 
velocity  instruments  with  good  long  term  accuracy  and  may  be 
compared  with  the  velocity  information  generated  hy  the  inertial 
system  which  has  good  short  term  accniracy*  The  conparison 
may  be  made  on  quantities  of  equivalent  magnitude  reducing 
the  signal  separation  problem# 

External  velocity  information  is  introduced  into  the 
inertial  system  to  control  system  damping  and  resonant  frequency* 
Judicious  choice  of  the  magnitudes  of  these  quantities  provides 
maximum  attenuation  of  inertial  system  errors  in  the  shortest 
time  with  greatest  accuracy*  Simplification  of  the  block 
diagram  of  the  basic  fixed  frame  inertial  system  (refer  to 
Figure  13)  permits  linear  analysis  of  the  position  tracdcing 
loops*  By  assuming  a  constant  value  of  gravitational  attrac'*  . 
tion  and  a  constant  value  for  the  earth’s  racJius  (sjAierical 
earth),  the  three  interacting  loops  may  be  separated  into 
Independent  single  axis  ^sterns. 

Each  position  tracking  loop  of  the  basic  ^stem  maybe 
represented  as  in  Figure  13«  The  two  integrators,  velocity 
and  position,  are  represented  using  Laplace  notation  asi 

J  ^  s" 
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The  G/R  feedback  is  derived  as  the  component  of  gravitational 
field  force  sensed  hj^an  J  axis  accelerometer  (see  Figmre  Ik) 
in  the  earth  fixed  reference  frame.  From  fundamental  feed¬ 
back  theory,  the  transfer  function  of  this  loop  isi 

A.  V- 

Aj  -  G/r 


^ich  indicates  an  undairqped  second  order  system  with  Schuler 
Tuning  Qk»k  minutes) 


Introduction  of  external  velocity  information  into  this 
loop  is  accoir^lished  as  in  Figure  l5*  The  difference  signal 
Av  fed  back  through  the  gain  controls  primarily  the 

daiiQjing  of  the  loop  and  fed  forward  throug^i  the  gain  con¬ 
trols  the  resonant  frequency. 


At  4 


elocity 

ntegrat< 


o 


) - H 


or  Integrator 


1 


J  1 
^  -r 


% 


-J. 


Single  Axis  Representation  of  Position  Tracking  Loop 
Figure  13 


Polar 

Axis 


0  cos  is) 


«  G  I 


-ii  (i) 


Derivation  of  O/R  Feedback 
Figure  lit 
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Position  Tracking  Loop  with  External  Velocity  Input 


Figure  l5 

Writing  the  loop  equaticaisi 
e  =  Aj  -  Ai  - 

-  e 

AV  =  e/s  -  Vj. 

[.(i)  +  C.AtJ  (i)(j)  ■  Aj  -  6 

Let  Aj  -  0  to  determine  stability,  then  Vj  *  0  (no  motion  in 
inertial  space) 

(|2  *  ^2  E  ”  -  t  ® 

+  C^s  +  (1  +  Cgp)  ® 

iilich  is  as  expected* 

If  the  external  velocity  has  an  error  e^,  the  loop 
equations  become: 

[|2  *  ^2  (§2-  -  *i  -  Cl  (  I  -  e,)  -  e 

feiere  -  e/g  - 

Letting  Aj  «  0  as  before,  them 

+  (1  +  C2  )^e  “  s(  ^2^  +  )e^ 

^*^0/ev  “|8(C2  j 
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This  indicates  that  the  acceleration  error  (e)  vill  exhibit 
a  dainped  oscillatory  characteristic  to  initial  disturbances 
but  will  have  no  steady-state  error  due  to  doppler  velocity 
calibration  errors. 


If  it  is  desired  that  the  system  settle  in  30  minutes  and 
be  dair^Ded  to  0.5  of  critical, 

“  360  sec. 


»  *00321  rad/sec 


since  •  ==  |(i  +  c^) 

C2  “  5.71 

and  C,  =■  2-^11  =  2  (.5)  (.00321) 

-L  n 

-  .00321 


then 


.85  3  (  .3655  X  IQ-^s  +  1  ) 


®V 


(• 


2(  .$)  3  ^  ^ 

3.21  X  lO^^"^  3.21  X  10"3 


In  this  case,  an  external  perturbation  of  1  knot  in  the 
doppler  velocity  signal  at  frequencies  greater  than  0;005 
rad/sec  result  in  an  acceleration  error  (e)  of  approximately 

0.005l4-  ft/sec*  •  The  transfer  function  e  is  shown  in  Figtire  l6. 

ev  ^ 


The  corresponding  inertial  velocity  error 
velocity  error  is  givm  ly? 


''V  -f  ^  1  + 

which,  for  the'  above  case  yields! 


(  1 


=2  I 


due  to  doppler 


V 

Fy 


8.79  X  10“6  ( 


s^  +  3.21  X  lO'^a  +  10.32;  x  10“^ 
and  is  plotted,  in  Figure  17»  For  doppler  error  frequencies  be¬ 
low  0.001  rad/see.  the  inertial  velocity  error  will  equal 
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Doppler  error  freouency  (RAD/SEC) 


HSER  2653 
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error  frequency  (BAD/SEC) 
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approximately  of  the  doppler  velocity  error,  indicating 
that  the  steady  state  accuracy  of  the  doppler  inertial  system, 
is  dependent  on  the  basic  accuracy  of  the  doppler  information, 
i#e*,  on  the  accuracy  of  the  basic  instrument  and  resolution 
of  the  beam  velocities  into  airframe  velocities.  Since  the 
instantaneous  information  from  any  doppler-velocity  system 
occurs  with  a  normal  probability  distribution  about  the 
actual  velocity,  the  information  fed  to  the  inertial  system 
must  ‘be  short  term  averaged  to  reduce  the  effects  of  the 
variation*  The  averaging  time  must  be  kept  to  a  minimum, 
however,  so  that  changes  in  actual  craft  velocity  are  not 
significantly  attenuated  but  are  passed  directly  to  the 
velocity  comparison  network* 

Use  of  external  velocity  irif  ormation  will  not  only  aid  the 
reduction  of  initial  disturbances  to  the  inertial  system  by 
tuning  the  trackj^ng  loop  but  will  constrain  the  inertial 
errors  which  normally  tend  to  accumulate  with  time  since  the 
long-term  accuracy  of  a  doppler-inertial  system  is  proportional 
to  inherent  accuracy  of  the  doppler  system* 

FPC  Erection  and  Alignment  System 

Due  to  the  errors  that  arise  from  simple  filtering  tech¬ 
niques  for  erection  and  alignment  of  a  carrier  based  inertial 
guidance  system,  the  design  of  the  FPC  was  based  on  the  philo¬ 
sophy  that  this  approach  would  be  sufficient  only  for  coarse 
erection  where  knowledge  of  the  local  gravity  vector  position 
within  1  degree  is  tolerable*  More  accurate  information  on 
the  true  vertical  position  must  therefore  be  obtained  by  other 
means  during  the  fine  erection  and  alignment  mode. 

Implementation  of  the  coarse  erection  process  in  a  fixed 
frame  system  entails  the  use  of  gyros  and  acceleroiteters  with 
a  filtering  process  similar  to  the  closed  loop  process  of  a 
platform  system*  Because  the  inertial  sensors  are  hard 
mounted  to  the  base,  however,  the  action  of  the  base  motion 
isolation  function  is  accomplished  with  the  use  of  the  gyro 
outputs  feeding  a  sub-routine  in  the  computer  program.  The 
resulting  isolated  accelerometer  outputs  are  then  averaged 
to  yield  the  relationship  between  the  average-apparent-vertical 
and  the  instantaneous  system  axes* 

The  coarse  erection  process  is  actually  performed  as  shown 
in  Figure  18  and  is  accomplished  as  two  separate  functions. 
Since  the  instrument  axes  are  in  motion,  as  is  the  apparent 
vertical,  due  to  perturbations  of  the  base;  it  is  necessary 
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to  obtain  the  average  position  of  the  apparent  vertical  with 
respect  to  a  set  of  reference  axes.  At  the  end  of  the  coarse 
erection  process,  the  spatial  relationship  between  the  instant¬ 
aneous  instrument  axes  and  the  reference  axes  are  combined 
with  the  relationship  between  the  reference  axes  and  the  average- 
apparent-vertical  to  provide  the  desired  information  relating 
the  average-apparent-vertical  and  the  instantaneous  instrument 
axes  position* 


Stated  mathematically,  the  desired  relationship  is« 
cos  (x,  y,  z/u) 

where  x,  y,  and  z  are  unit  vectors  along  the  respective  instru¬ 
ment  axes 


u  is  the  local  vertical  unit  vector 

U  is  the  average  position  of  the  vertical  unit 
vector 

Xq,  Yq  and  Zq  are  the  reference  unit  vectors 
established  at  t  «  t^  -2  minutes* 


The  orientation  of  the  reference  axes  in  the  present 
position  coordiiiate  frame  is  chosen  to  be  the  instantaneous 
orientation  of  the  instruments  axes  at  t  -t^  -2  minutes 

and  is  established  by  setting  the  initial  values  of  the 
direction  cosine  matrix  of  box  J  to: 


Cos(X,Y,Z/Xq,Yo ,Zo) 


100 

010 

001 


t  •  to  -2 


Continuous  information  from  the  x,  y,  z  gyros  up  dates 
this  matrix  in  accordance  with  base  motion  to  maintain  the 
validity  of  the  direction  cosines.  The  ouputs  of  the  x,  y, 
X  accelerometers,  which  move  with  the  base,  are  so  resolved 
on  to  the  reference  axes  through  the  use  of  these  direction 
cosines  (Box  H)  and  provide  the  instantaneous  values  of 
acceleration  on  the  Xq,  Yq  and  Zq  axes,  i.e. 

Vo  Vo 
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Summation  of  these  components  for  a  predetermined  time 
interval  (Box  G)  provides  the  average  component  values 
®Xo^  '^Vo  ^^0  and  allows  computation^ 

(Box  F)  of  the  direction  cosines  between  Xq  Yq  Zq  and  U) 
cos  (X.  Y.  Z./  m  Combination  of  the  direction  cosines 
cos  (X^  Iq  zyu)with  Cos  (X,  Y,  Z/X  ,  Y  ,  Z  )  at  t  -  to^ 
in  a  matrix  calculation  yields  the  aesired  cos  (X,  Y,  Z/U) 
from  Box  E,  The  time  for  coarse  erection  must  be  optimized 
for  minimum  total  error.  Errors  due  to  periodic  ship  motions 
decrease  with  erection  time*  Errors  introduced  by  the  earth 
rotation  rate,  which  cannot  be  accounted  for  in  this  process, 
increase  with  erection  time. 

Bias  errors  introduced  by  the  tangential  accelerations 
of  the  sensors  are  independent  of  time.  Consideration  of 
the  effects  of  these  error  sources  had  led  to  the  choice  of 
a  coarse  erection  time  of  2  minutes. 

The  coarse  alignment  process  involves  the  computation 
of  the  direction  cosines  which  relate  the  local  east,  local 
north  vectors  to  the  instrument  axes,  cos  (e*,  n/X,  I,  Z, ) 
utilizing  heading  information  from  the  diip*s  compass  and 
knowledge  of  the  helicopter  orientation  on  the  flight  deck 
of  the  carrier.  This  computation  is  performed  as  indicated 
in  Box  E  during  the  last  computation  cycle  of  the  digital 
computer  befo:re  t  *  to  •  The  ship^s  heading  informa¬ 

tion  is  combined  with  the  helicopter  orientation  angle  to 
provide  the  horizontal  con^^onent  of  the  helicopter,  and  inertial 
system,  heading  angle.  This  information  is  reflected  onto 
the  X-Y  plane  of  the  instrument  axes  according  to  the 
instantaneous  pitch  and  roll  angles  of  the  ship  as  determined 
by  the  coarse  erection  process.  Trigonometric  manipulation 
of  the  resulting  angles  permits  the  calculation  of  the  direction 
cosines;  cos  (e,  n/X,  Y,  Z).  Determination  of  the  signs  of 
several  computed  functions  is  based  on  the  knowledge  that  the 
helicopter  and  ship  are  in  an  upright  condition  on  the  surface 
of  the  earth  and  that  deviation  from  the  vertical  will  be  between 
±  90^ 


Coarse  alignment  accuracy  is  expected  to  be  approximately 
±5®  of  true  North,  Shipboard  gyrocompass  specifications 
require  heading  accuracies  of  +  0.5® •  Discussion  with 
personnel  at  the  ASW  shipboard  equipment  group  at  Bu  Weps 
confirmed  that  the  estimated  helicopter  orientation  should 
be  accurate  to  within  ±5®,  Combining  these  expected  errors 
with  an  estimated  computer  error  of  0.1®  yields  the  composite 
5®  error. 
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The  relationship  between  the  earth  centered  inertial 
reference  frame  and  the  present  position  frame  of  local 
east,  local  north,  local  vertical  cos  (©>  n,  u/Eg  Ng  U  ) 
is  determined  through  use  of  spherical  trigonometry  equations 
and  the  Hayford  representation  of  the  earth's  geoid 
(See  Figure  20),  The  external  information  required  is 
geographic  latitude  and  longitude  as  determined  by  the  ship's 
navigation  system*  Inaccuracies  in  ship^s  latitude  and  longi¬ 
tude  obtained  by  dead  reckoning  navigation  systems  may  be 
as  large  as  20  miles  which  will  introduce  errors  of  approxi¬ 
mately  20  minutes  of  arc  into  the  composite  inertial  erection 
and  alignment  information 


Coarse  erection  and  alignment  direction  cosines  are 
shown  in  Figure  19.  mc/x  v*/  -  ^ 

Cos(x,y,?/e^y,i3;; 

I  From  Box  E 


Box  C 
I  Initial 

Direction  Cosin4. 
Computation 
PPR  to  EFR^ 


Box  D 
Initial 

Direction  Cosin' 
Computation  I 
HR  to  EFR^  I 


Figure  19 

This  error  will  be  removed  during  the  fine  erection 
and  alignment  modle  to  be  described  later. 


Signal  flow  of  the  final  stage  of  coarse  erection  and 


Pictorial  Relationship  between  E,  N,  U,  e,  n,  u,  and  X,  Y,  Z 
coordinate  reference  frames. 


Figure*  20 
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Matrix  multiplication  (Box  D)  of  the  direction  cosines 
relating  the  instrument  axes  to  the  present  position  axes, 
cos  (X,  Y,  Z/e,  n,  u)  and  the  direction  cosines  relating 
present  position  to  the  inertial  reference  frame,  cos  (e,  n, 
u/  N  U  )  provides  the  relationship  between  instrument  axes: 
and  inertial  reference  frame  required  for  the  coarse  erection 
and  alignment  of  the  inertial  system  to  the  inertial  reference, 
i.  e./ 

cos(x,Y,ZYE^NqUq)  ^  co5(X,Y,Z/e^n,u)  coB(e;n;u/EQMQtJo) 
3.1«5.6  Fine  Erection  and  Alignment 

Because  of  the  magnitude  of  the  errors  expected  in 
the  coarse  erection  and  alignment  information,  it  is  imperative 
that  the  fine  erection  and  alignment  process  be  as  fast  and 
as  accurate  as  possible.  As  stated  in  a  previous  section 
of  this  report,  doppler  velocity  informs, tion  will  be  utilized 
to  help  achieve  this  aim.  The  simplified  signal  flow  diagram 
in  Figure  21  shows  the  basic  system  configuration  and  method 
of  doppler  tie-in  to  the  position  tracking  (gravity  c  0115)6  ns  a  tion) 
loop.  Linear  analysis  of  this  loop  specified  that  coefficient 
Ck  be  set  to  a  value  of  5,71  to  increase  the  natural  frequency 
of  the  servo-synthesized  pendulum  to  0,00321  rad/sec  for  a 
settling  time  of  approximately  35  minutes,  Co  is  made  equal 
to  0.00321  to  yield  a  damping  ratio  of  0,5  of  critical.  The 
response  of  this  system  to  a  step  of  acceleration  is  given 
in  Figure  22.  The  error  in  computed  inertial  velocity  is 
equal  to  of  the  steady  state  error  in  the  doppler  system 
as  shown  in  Figure  17  ♦ 

The  initial  conditions  of  velocity  and  position  of  the 
helicopter  at  the  start  of  the  fine  erection  and  alignment 
processes  are  computed  in  inertial  coordinates  using  external 
information  supplied  from  the  ship’s  navigation  system,  i.e., 
latitude,  longitude,  ship’s  velocity,  ship’s  heading,  helicopter 
orientation  angle,  and  parameters  defining  the  Hayford  earth 
model  representation.  The  error  in  these  initial  conditions, 
dependent  on  the  accuracy  of  the  inputs  to  the  computer 
program,  contributes  to  the  initial  disturbance  of  the 
position  tracking  loop  in  addition  to  the  error  in  the 
acceleration  input.  Use  of  the  doppler  inertial  velocity 
error  as  feedback  and  feedforward  allows  tuning  and  damping 
of  the  position  tracking  loop  to  redxice  the  effects  of  the 
initial  loop  errors# 


3-3U 


HSER  26^3 


Reference  to  Figure  21  will  show  that  in  this  simplified 
form  no  provision  has  been  made  to  correct  the  errors  in  the 
initial  values  of  the  direction  cosines  which  provide  base 
motion  isolation*  Although  these  direction  cosines  are 
continually  updated  by  rate  gyro  information  to  reflect 
changes  in  the  attitude  of  the  sensonnackage,  initial  errors 
will  remain  unless  they  are  corrected%xternai  information* 
These  errors  are  similar  to  an  inaccurately  orected  platform 
and  result  in  erroneous  acceleration  information  to  the 
position  tracking  loop  causing  continuous  forced  dynamic 
errors  in  these  loops* 

I 

The  final  system  design  of  the  FPC  Navigation  System  is 
shown  in  simplified  signal  flow  form  on  SK^2200*  The  doppler 
velocity  and  inertially  derived  velocity  are  self -resolved 
into  east,  north,  and  vertical  components  in  the  earth  fixed 
reference  frame.  Comparison  of  these  velocities  provide 
velocity  component  errors  which  are  resolved  into  equivalent 
angular  rate  errors.  Resolution  of  these  errors  to  corres¬ 
ponding  gyro  rate  errors  by  inertially  derived  direction 
cosines  provide  the  necessary  corrections  for  inertial  error 
reduction  of  the  base  motion  isolation  direction  cosines* 
Multiplication  of  the  correction  signals  by  coefficient 
Cl;3_and  algebraic  subtraction  from  the  corresponding  rate 
gyro  outputs  provide  the  short  term,  fast  response  required 
for  optimum  erection  and  alignment.  Integration  of  the 
correction  signals (^)and  subtraction  from  the  rate  gyro 
outputs  result  in  reduction  of  the  steady-state  errors  caused 
gyro  dr^t. 

Self  resolution  of  the  doppler  velocity  signals  by 
inertially  derived  quantities  to  provide  the  required 
correction  signals  is  a  boot-strap  process  with  the  total 
error  directly  related  to  the  accuracy  of  the  doppler -velocity 
system*  Gyro  and  accelerometer  ouputs  provide  the  inertially 
derived  velocity  components  which  are  traiiformed,  through  the 
use  of  a  very  accurate  internally  gnerated  earth  rate  signal, 
and  compared  with  the  resolved  doppler  velocity  signals*  It 
is  primarily  through  the  use  of  the  internal  earth  rate  signal 
that  the  drift  rates  of  the  individual  gyros  are  determined 
and  the  correction  signals  generated* 

Reduction  of  the  inital  condition  errors  in  the  base 
motion  isolation  direction  cosines  is  a  transient  condition 
with  the  correction  signals  supplied  primarily  through  the 
proportional  (C^^)  path  to  the  gyro  output  summation  networks* 
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Drift  rate  correction  in  a  steady-state  condition  and  is 
provided  by  the  continuous  output  of  the  integrator  path 
(^)  ^ich  cancels  the  drift  rate  component  in  each  gyro 
output.  In  the  system  steady-state  condition  the  velocity 
error  signal  decreases  to  zero  resulting  in  no  correction 
input  to  either  the  C|;  or  ££  path.  Gross  simplification  of 
the  Navigation  Loop  formulation  has  permitted  linearization 
of  the  system  dynamics.  The  assumptions  of  major  inportance 
are  listed  below: 

!•  The  three  interacting  position  tracking  loops  assumed 
linear  and  independent, 

2,  The  three  axis  velocity  resolution  assumed  non-interacting 
and  linear, 

3*  The  direction  cosines  relating  instrument  axes  to  inertial 
reference  axes  and  the  corresponding  base  motion  isolation 
function  assumed  linear  and  constant. 

Dynamic  analysis  based  on  these  assumptions  has  allowed 
specification  of  the  values  of  the  correction  coefficients. 
According  to  this  analysis,  optimum  settling  of  the  complete 
system,  obtained  by  setting  Ct  *  O.OOU98  and  C2  ®  1,83  X  10^, 
will  occur  in  approximately  20  minutes. 

In  order  to  reduce  the  acceleration  errors  introduced  by 
high  frequency  tuning  of  the  position  tracking  loop,  the  FPC 
navigation  system  is  designed  to  operate  after  the  fine 
erection  and  alignment  mode  in  a  doppler-damped  mode  in  which 
the  tuning  is  set  to  zero  and  the  damping  coefficient  is 
adjusted  to  yield  a  lightly  damped  Schuler  tuned  loop.  The 
transfer  function  of  the  ratio  of  inertial  velocity  to  doppler 
velocity  error  is  shown  in  Figure  23  for  a  damping  of  0;.09  of 
critical  corresponding  to  the  value  of  »  ,2225  X  10 /sec. 

The  maximum  inertial  error  is  equal  to  approximately  IQf 
of  the  doppler  error  at  a  frequency  of  0.0012l|  rad/sec  (the 
Schuler  frequency).  Use  of  the  doppler  velocity  signal  in 
the  doppler  inertial  mode  of  operation  limits  the  maxiraum 
error  of  the  system  and  prevents  cumulative  error  build-ijip 
that  occurs  in  pure  inertial  systems  due  to  shifts  in  component 
bias  and  drift  levels, 

A  fourth  mode  of  operation  is  included  in  the  design 
of  the  Navigation  System  which  eliminates  the  use  of  doppler 
information  after  erection  and  alignment.  The  system  will 
operate  as  a  purely  inertial  system  with  the  inherent  errors 
only  partially  compensated  by  a  very  small  amount  of  self -damping. 
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Doppler  Error  Frequency  (RAD/SEC) 
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This  mode  of  operation  may  be  selected  manually  by  the  system 
operator  but  will  be  automatically  initiated  when  the  doppler 
return  signal  is  lost  by  action  of  the  lost-doppler  gate  signal. 

The  recommended  damping  factor  for  this  mode  is  0,02 
of  critical  with  the  final  value  dependent  primarily  upon 
the  phase  lag  introduced  into  the  position  tracking  loop 
by  the  digital  computing  equipment*  To  obtain  this  value 
of  damping,  the  coefficient  is  set  equal  to  O.OU96  x  10“^/sec. 

Because  of  the  possibility  of  transient  disturbances  occuring 
internally  to  the  system  during  mode  switching  between  the  fine 
erection  and  alignment  and  doppler  inertial  modes,  fading 
circuits  have  been  designed  to  slowly  change  the  values  of 
the  effected  coefficients.  The  changes  occur  as  an  exponential 
decay  according  to  the  expression  K  (l~e“*^*^  )  where  the 

decay  times  are  selected  to  fade-out  the  outer  loop  (gyro 
correction)  before  significant  changes  occur  in  the  inner 
(Position  Tracking)  loop.  The  desired  transient  time  for  the 
outer  loop  is  approximately  l5  minutes  which  requires  that 
the  exponential  coefficients  C  and  D  be  equal  to  l80.  The 
transient  for  the  inner  loop  should  be  accomplished  in  30 
minutes  which  will  be  accomplished  with  values  of  A  and  B 
equal  to  360* 

Since  the  outer  loop  opens  completely  after  the  fine 
erection  and  alignment  process,  coefficients  and 
must  equal  O.OOU98  and  1.83  X  lO^r respectively..  Although 
the  integration  gain  C2  *  Co  e  equals  zero  at  the 
termination  of  the  transient,  the  final  value  of  the  integrator 
output  will  be  held  to  continue  the  gyro  drift  cancellation. 

The  coefficient  equals  ^.71  and  completely  opens  the 
doppler  feed-forward  in  the  position  tracking  loop.  Coefficient 
C3  equals  3*065  X  10"^/sec.  to  reduce  the  loop  damping  to  0.09 
of  critical  after  the  fade-out  period.  The  complete  system 
signal  flow  diagram  is  given  in  drawing  #SK52200. 


3. 1.5 *7  Operational  Procedure 

Information  generated  by  the  system  during  the  fine  erection 
and  alignment  process,  which  consumes  the  first  20  minutes 
i'  of  flight  time,  is  inaccurate.  Although  the  velocity  errors 

decrease  with  time,  the  position  errors -latitude,  longitude 
or  grid  coordinate  information  are  cumulative  requiring  a 
position  fix  at. the  termination  of  this  mode  of  operation. 
Use  of  this  information  will  result  in  large  navigation  and 
flight  path  errors. 
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The  suggested  operational  procedure  for  the  FPC  Navigation 

System  is  as  follows: 

!•  Two  minutes  before  takeoff,  the  coarse  erection  and 
alignment  process  is  initiated* 

2*  In  the  interval  beforetakeoff,  ship*s  velocity,  heading, 
and  present  position  information  is  inserted  into  the 
computer# 

3#  Immediately  after  termination  of  the  coarse  erection  and 
alignment,  the  system  automatically  switches  into  the 
self -damped  mode  for  a  period  of  time  sufficient  to  allow 
take-off  and  cruise  beyond  the  deck  area  of  the  carrier. 
Since  doppler  information  is  very  inaccurate  while  the 
helicopter  is  over  the  ship  and  cannot  be  used  for  erecting 
■and  aligning  the  system,  it  is  in^erative  that  the 
helicopter  takeoff  and  cruise  over  the  side  as  soon 
after  completion  of  coarse  erection  and  alignment  as 
possible. 

U.  Initiation  of  the  fine  erection  and  alignment  process 
may  be  performed  automatically  or  manually  by  the  system 
operator  after  the  helicopter  is  in  a  smooth  cruise 
mode.  The  flight  profile  should  be  restricted  to  minimum 
course  and  velocity  changes  or  to  a  hovering  condition 
during  this  mode  to  reduce  the  external  distrubances 
to  the  system. 

5.  Normal  operation  in  the  doppler  inertial  mode  commences 
after  completion  of  the  fine  erection  and  alignment 
process  and  should  continue  for  the  duration  of  the  fade- 
out  time  (30  minutes).  Termination  of  fine  erection 

and  alignment  may  be  determined  by  a  logic  circuit  which 
indicates  when  the  three  gyro  correction  signals  have 
been  reduced  to  zero  or  a  minimum  acceptable  threshold. 

A  position  fix  is  required  at  this  time  to  update  the 
indicated  position  of  tlie  helicopter.  This  fix  must 
be  made  external  to  ,the  Navigation  System  between  the 
Position  Loop  output  and  the  Flight  Path  Controller 
input,  to  prevent  generation  of  a  transient  input  to 
the  Schuler  tuned  loops. 

6.  Operation  in  the  self -damped  mode  will  normally  occur  only 

if  the  doppler  system  is  inaccurate  or  inoperative.  In¬ 
operative  doppI6F‘wiil- cause  automatic  trjansiM  the 

delf -damped  mode. 


3. 1.5 *8  Sources  of  System  Error 


The  major  sources  of  system  error  will  be:  | 

1*  Variation  of  the  earth* s  surface  from  the  Hayford  ellipsoid c 
of  revolution  representation  of  the  earth *s  geoid. 

2.  Effects  of  gravity  anomalies. 

3.  Inherent  errors  in  the  doppler  velocity  system. 

i|.  Variation  between  true  helicopter  velocity  and  indicated 
helicopter  velocity  due  to  continuous  ocean  currents. 
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3»2 _ Inertial  Measurement  System 

3 • 2 • 1  Introduction 

The  inertial  measurement  system  consists  of  the 
following  major  areas: 

a.  Gyro  and  accelerometer  inertial  instruments 

b.  Pulse  torque  servo  amplifiers 

c.  Instrument  calibration  and  alignment 

d«  Inertial  instrument  package  design 

The  function  of  the  major  components  cited  above 
dictate  the  ultimate  performance  of  a  gimbal-less 
inertial  navigation  system.  The  design  criteria 
is  basically  established  by  the  vehicle  dynamics, 
tactical  environment,  and  the  navigational  accuracies 
desired. 

3. 2. 1.1  Instruments 

The  repeatability  of  the  gyro  and  accelerometer 
coefficients  from  one  calibration  test  to  the  next 
is  an  important  indication  of  a  navigation  system*  s 
performance.  In  this  application,  tactical  considera¬ 
tions  place  a  heavy  burden  on  gyro  performance.  At 
present,  no  low  cost  gyro  meets  the  ultimate  long 
term  stability  requirements  for  an  operational  system. 

^  Many  gyro  manufacturers  are  concentrating  their  efforts 

in  this  particTilar  area,  and  substantial  headway  is 
being  made. 

3 *2. 1.2  Pulse  Torquing 

Pulse  torquing  is  a  term  used  to  designate  the 
digitalization  of  the  current  used  to  torque  single 
degree  of  freedom  gyros  and  accelerometers.  The  present 
design  utilizes  several  unique  circuit  developments 
that  allow  for  satisfaction  of  requirements  without 
serious  compromise.  The  following  basic  requirements 
apply  principally  to  gyros,  as  they  are  the  most 
difficult  to  satisfy  in  a  no  gimbal  configuration: 
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a*  Adequately  high  maximiun  torque  to  handle  any 
possible  sustained  input  angular  rates* 

b*  Adequately  small  pulse  size  to  provide  necess¬ 
ary  resolution* 

c*  Practical  pulse  frequencies  from  the  point 
of  view  of  an  electromagnetic  torquer* 

d*  Sufficiently  low  and  steady  torquer  power  input 
so  that  mechanical  distortions  due  to  changes 
in  thermal  gradient  patterns  will  be  minimized* 

e*  Dynamic  stability  of  the  servo  loop  and  suffi¬ 
ciently  fast  response  must  be  maintained. 

3 •2*1*3  Instrument  Calibration  and  Alignment 

The  calibration  procedure  provides  values  for  the 
instrument  characteristics,  such  as  bias,  scale  factor, 
etc*,  in  order  that  corrections  to  instrimient  outputs 
can  be  made  in  the  system  computer*  Even  after  this 
compensation  has  been  accompli i^ed,  the  signals  must 
not  yet  be  used  in  the  base  motion  isolation  because 
they  are  indications  of  motion  vector  components  along 
an  orthogonal  set  of  axes.  This  problem  introduces 
the  need  for  alignment,  or  resolving  the  compensated 
outputs  onto  an  orthogonal  set  of  axes.  The  system 
of  orthogonal  axes  chosen  against  an  accurate  reference 
may  be  referred  asihe  ideal  instrument  coordina-te  system. 

3.2*l*ii  Inertial  Package 

Since  inertial  grade  instrument  accuracies  depend 
great on  thermal  and  dimensional  stability,  the  pack¬ 
aging  concepts  must  inherently  concentrate  on  a 
thermally  stable  configuration.  Three  package 
configurations  were  considered,  solid  conduction,, 
forced  liquid  convection,  and  Helium  Hi -pressure.  Each 
configuration  was  considered  on  the  basis  of  the  follow¬ 
ing  criteria: 

a*  Weight 

b*  Voliame 
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c.  Power  required 
d*  Manufacturing  feasibility 
e*  Reliability 
f  •  Warm-up  time 
g*  Temperature  repeatability 

h.  Estimated  cost 

i.  Instrument  calibration 
j  •  Maintenance 

3*2*2  Design  Conclurions 

The  inertial  measurement  system  defined  herein 
has  been  designed,  to  utilize  the  inertial  sensors  to 
the  greatest  extent  feasible.  It  is  considered  that 
the  pulse  torque  amplifiers,  inertial  measurement 
package,  and  associated  temperature  controls  satisfy 
all  design  criteria  established  for  this  sytem*  No 
inherent  limitations  exist  for  the  various  methods 
of  calibration  and  alignment  with  the  exception  of 
package  to  doppler  alignment. 

The  major  area  of  concern  lies  with  the  gyro  long 
term  drift  performance*  The  FPC  accuracy  requirements 
dictate  the  use  of  a  *015  degree  per  hour  gyro*  This 
would  yield  a  circular  error  probability  (CEP)  of  1*5 
nautical  miles  in  present  position.  Present  gyros 
will  yield  a  CEP  of  6  to  8  nautical  miles* 

The  alignment  of  the  inertial  sensor  package  to 
doppler  antenna  axes  may  be  eavsily  solved  by  the  use 
of  a  planar  array  antenna*  This  will  enable  the 
inertial  sensor  package  and  the  doppler  antenna  to 
become  an  integral  unit*  This  is  not  feasible  with 
the  present  AN/iOTI-130  doppler  system,  and  a  possible 
method  is  presented  in  this  section* 

3*2*3  Gyros 


The  gyros  are  the  most  critical  component  in  the 
flight  path  control  system.  The  gyros  must  maintain 
a  very  low  drift  rate  over  a  four  hour  mission  period. 
In  addition,  their  mission  to  mission  shift,  that  is, 
the  drift  rate  shift  idien  de-energized  and  re-energized 
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imist  be  small  and.  predictable.  The  gyro  requirements 
were  reviewed  with  all  of  the  major  gyro  manufacturers 
known  to  HSED.  The  results  of  this  study  are  discussed 
below. 

3*2. 3»1  The  drift  rate  of  a  gyro  is  composed  of  a  constant 

term  and  a  time  varying  term 


Wd  -  Wc  *  Wr  (t) 

Eighty  percent  of  the  constant  drift  rate  will  be 
eliminated  during  the  fine  erection  and  alignment  by 
using  the  earth*  s  rate  reference  and  the  doppler  velo-* 
ci;by  reference  to  establish  the  aircraft  velocity  and 
angular  rate.  The  remaining  drift  rate  (20^  will  con¬ 
tribute  the  major  portion  of  the  navigation  error  and. 
is  composed  of 

Wee  the  effective  constant  drift  teim  which  is 
20%  of  the  manufacturer*  s  constant  drift  rate 
shift . 

The  drift  rate  terms  are  based  on  manufacturer  drift 
rate  terms  and  accelerations  which  are  assumed  to  be 
7xlO**3g  in  the  X  and  Y  gyros  and  Ig  in  the  Z  gyro# 

This  assumes  that  the  helicopter  flies  a  relatively 
level  flight  with  zero  pitch  angle. 

The  various  drift  rate  components  are  defined 
for  the  purpose  of  this  report  as  one  sigma  values 
as  follows:: 

Wee  =  effective  constant  drift  rate 
Wee  =  20%  Wc  »  205?  (WB  +  WM  +  WA) 

WB  »  Bias  uncertainty  (^Hr.) 

WM  -  Mass  imbalance  drift  (^/Hr/g) 

WA  »  Anisoelastic  Drift  (o/Hr/g^) 

The  comparison  of  the  gyros  available  with  HSED 
requireinents  are  shown  in  Tables  1  and  2.  . 

3# 2.3*2  The  time  varying  drift  rate  (wr)  is  composed  of 

three  components. 
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TABLE  1 

EFFECTIVE  CONSTANT  DRIFT  $JCE)  "X"  AND  "Y"  GYROS 


COMPANY 

HSED 

REQ'T. 

SPERRY 

■ 

I0HIRCNICS 

KEARFOTT 

Unit  Design* 

N/A 

SIG  10)^ 

203 

hio-5 

001 

GG  87 

o/Hr. 

.06 

.5 

.3 

1° 

2 

1 

°/Hr. 

.3 

.5 

.3 

3 

2 

2 

°/Hr/g2 

8 

•01 

.02 

.02 

.02 

.2 

03g  =(>^Dr  + 

6)M  u  +WA 

.O621U 

.5035 

.3021 

■  ■'  1 

1 

1.0210  1 

2.01U0 

i.oiUo 

COCe 

.012li3 

.10070 

.060U2 

.20U20' 

.U0280 

.20280 

TABLE  2 


EFFECTIVE  CONSTANT  DRIFT  "Z"  GYRO  (ACCEL.  10) 


COMPANY 

HSD 

REQ'T. 

SPERRY 

NORraONDS 

KEARFOTT 

Unit  Design. 

on 

SIGlOUl 

203 

HIO 

001 

GG  87 

^  7Hr. 

.03 

.5 

.3 

1 

2 

1 

°/Hr/g 

.03 

.5 

.3 

3 

2 

2 

^A  °/iir/g^ 

.002 

.01 

.02 

.02 

.02 

.2 

Oq  =(x)Dr 
+(jl)mU  +63  a 

.062 

1.01 

.62 

2*02 

U.02 

3.2 

(Oce 

.0122 

.202 

.12U 

•UoU 

0 

CO 

. 

.6U 
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Wr  -  Wot  +  t  +  Wpt 

Wiere  =  "time  varying  drift  rate  shift  (o/Hr.) 

^iit  “  time  varying  mass  unbalance  drift  rate 
^  (7Hr/g) 

^pt  P'lire  random  drift* 

The  comparison  of  the  time  varj’^ing  drift  rate  of 
various  gyros  with  HSED  requirements  ,i$  shown  in 
Tables  3  snd  U. 

3*2.3*3*  Table  5  shows  the  combined  effective  constant 

drift  rate  and  the  time  varying  drift  rate*  The 
effective  constant  drift  rate  is  shown  for  two  levels 
of  compensation,  80^  and  90^*  Also,  shown  are  torquer 
power,  voltage  and  current  characteristics. 

3*2*l4.  Accelerometer  (Reference  Table  6) 

The  inertial  accelerometer  requirements  for  the 
flight  path  control  are.  less  stringent  than  the  gyro. 
Since  the  maximum  accleration  will  be  slightly  more 
than  one  ”g'*,  the  dynamic  range  of  the  instrument  is  an 
order  of  magnitude  less  than  that  expected  from  an 
accelerometer  mounted  in  a  missle  strapped  down  guidance 
system*  The  accelerometer  requirements  were  generated 
such  that  the  accumulative  distance  error  due  to  acceler¬ 
ometer  bias  and  threshold  ware  negligible. 

The  selection  of  the  accelerometers  will  be  based 
upon  the  error  contributed  by  the  accelerometer  as  re¬ 
flected  by  Aaf* 

^ere  Aaf  =  at  ■*-  Akp  +  af 

and  a  threshold  in  g  units 
ab  «  bias  error  in  g  units 

^'kp  =  pick-off  scale  factor 
stability  per  unit 

■4^  af  in  af  units, 
kt 

kt  =  torcjuer  scaQ.e  factor 
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Unit  Design, 


^^D^o/Hr. 


6^X4^°/Hr/g 


o/Hr. 


+6jpt 


SPERRY 

NORDEN  : 

SIG  lOHl 

203 

f— 1 

o 

« 

.oU 

.01 

.oU 

.06028 

.251I1 

.3011; 

I.O6U 

TABLE  k 

EFFECTIVE  TIME  VAmNG  DRIFT  WZ»  GIRO  (ACCEL 


I 


COMPANY 

HSD 

RRQ'T. 

SPERRY 

Unit  Design, 

N/A 

SIG  loia 

^Dt  o/Hr. 

.0008 

.01 

(46-fo/Hr/g 

.0008 

.01 

Ijipt  °/Rt, 

.0008 

.01 

ipT  “  WC't 
+6^+  0)pt 

.OO2U 

.03 
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TABLE  5 

GYRO  IMPORTANT  GHABACTERISTICS  "X''  AND  "Y"  GYROS 


r 

i 

1'  S0CSMH. 

SPERRY 

NORDEN 

NORTRONIC 

s  KEAR- 
FOTT 

HCMBYWELL 

Unit  Design, 

n/a 

HIG  5 

001 

GG  87 

6J<i  (0/Hr) 

with  80^ 
drift  comp. 

.01U5 

.12077 

.12070 

.U556 

.7052 

1.2072 

OJd  with  90% 
drift  comp. 

.oiU5 

.070U2 

.090U9 

.3535 

.5028 

1.165U 

Torquer 

Current  (ma.) 

100  Max. 

50 

93 

90 

95 

90 

Torquer 

Voltage 

50  Max. 

:  12 

liO 

15 

16 

15 

Toi^quer  Pwr. 
(Watts) 

3.  Max. 

.6 

3.5 

l*h 

1.5 

l.U 

Characteristic 
Time  (Msec.) 

20  Max- 

6 

Uo 

1 

1 

.6 
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TABIiE  6 

ACCELEROMETER  REQUIREMENTS 
A  a  =•  at  +  ab  +  af  A  Kp  +  af 


COMPANY 

HSED 

REQ'T 

KEARFOTT 

HONEYWELL 

DONNER 

Unit  Design, 

n/a 

C702li01-005 

00177 

U310 

at  (g) 

5x10"'^ 

3x10"^ 

10-5 

ab  (g) 

-5 

3x10  ^ 

3x10”^ 

6x10-^ 

1 

o 

t— t 

^kp 

(Dimensionle  s  s ) 

5x10"^ 

lo"^ 

1.5x10-^+ 

2x10“^ 

(Dimensionle  ss) 

10-^ 

10"^ 

10-^ 

3x10-^ 

Akpaf  (g) 

3.5x10-6 

7x10-7 

l.lpclO”^ 

(Akt/kt)  af  (g) 

7x10”^ 

7x10“® 

7x10-® 

2.1x10“7 

Aa  “  (at  +  ab  + 

Akpaf  +Akt  af)  (g  ) 
kt 

3.5x10-^ 

3.127x10“^ 

6  #14x10“^ 
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3*2*5  Calibration  Program  for  the  SANE  Inertial  Measurement 

System. 

3*2. 5*1  The  object  of  the  calibration  program  is  to  provide 

signals  from  the  gyro/accelerometer  package  that  are 
orthogonal  and  error-free.  The  two  tasks  involved  are: 

!•  Compensating  the  instruments  for  errors  of  bias 
and  unbalance,  and  obtaining  scale  factors. 

2.  Resolving  the  individual  instrument  axes 
(x,  y,  and  z)  to  an  orthogonal  set  (X,  Y,  Z)  • 

The  various  symbols  used  in  this  phase  of  the 
report  are  reiterated  as  follows: 

i  A  subscript  used  to  denote  the  instruments 
axes,  X,  y,  z* 

J  A  subscript  used  to  denote  the  ideal  package 
orthogonal  coordinate  system  X,  Y,  Z.  The 
Z  axis  points  upward.. 

The  Package  face  pointing  downward,  (used 
when  obtaining  constants) ♦ 

is  the  scale  factor  for  the  i-axis  acceler¬ 
ometer.  The  units  are  FT/SEC/PULSE. 

is  the  scale  factor  for  the  i-axis  gyro.  The 
units  are  Radians/Pulse. 

is  the  bias  term  for  the  i-axis  accelerometer. 
It  is  the  output  that  is  obtained,  for  no 
input  to  the  unit. 

Units;  FT/Sec^. 

is  the  bias  term  for  the  i-axis  gyro.  It 
is  a  drift  rate  in  radians/sec.  The  Predict¬ 
able  portion  is  in  one  direction  and  can  be 
compensated.^  .  The  random  drift  cannot 
be  compensated,  but  it  is  assumed  that  the 
errors  will  average  out  over  a  period,  of  time. 
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Definitions  (Cont.) 

"^is  latitude 

is  a  drift  rate  due  to  an  acceleration  act¬ 
ing  on  a  mass  unbalance  along  the  spin  axis 
of  the  i-gyro..  See  Figure  2Ua, 

is  a  drift  rate  due  to  an  acceleration  acting 
on  a  mass  imbalance  along  the  input  axis  of 
the  i-gyro.  Ref*  Figure  2Ub* 


2Ua  U| 


2lib  ui 


Gyro  Mass  Unbalances 


Mass  unbalance  due  to  gravity  acting  on  mass 
along  spin  axis*  Assumed  positive  according 
to  the  light  hand  rule  about  the  output  axis. 


Spin  Axis 


Output  Axis 


ass  Unbalance 


Input  Axis 


Mass  unbalance  due  to  gravity  acting  on  mass 
input  axis  -  assumed  positive  as  above# 


Figure  2k 


b^  j  A  set  of  direction  cosines  relating  the 
instmaent  axes  to  the  ideal  package 
coordinates# 

b^j  A  set  of  direction  cosines  derived  from  the 
above,  and  used  in  resolution  to  the  ideal 
package  coordinates. 


0 
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A  is  the  local  vertical. 

V  is  polar  North 

is  calibration  table  rotation  in  radians. 

3.2.5t2  Methods  of  Compensation  for  Instrument  Errors  and  Mis¬ 
alignment  . 

3.2,5.2.1  Instrument  Compensations:  Accelerometers 

The  output  of  an  accelerometer  may  be  e3?pressed  as 
the  net  number  of  pulses  (C)  counted  over  a  period  of 
time  (t)  due  to  the  applied  acceleration  and  the  bias 
accelerations « 

s  £  =  -  g  Cos  (i,fl)  + 
t 

An  output  is  assumed  positive  if  the  applied  acceleration 
tends  to  move  the  package  in  the  positive  i  direction*  , 
It  should  be  noted  that  the  gravitational  field  is  equiv¬ 
alent  to  an  acceleration  in  the  upward  direction* 

For  example:  The  case  where  the  i  axis  is  upward., 

^  St  -i,  Cos  (i,p)=-l,  and  a  positive 
acceleration  results. 

In  the  SANE  computer  program,  the  uncorrected  outputs 
from  the  accelerometers  will  be  fed  into  an  area  of 
the  computer  -  designated  Box  21  on  SK  ^2200  -  where 
the  raw  pulse  data  will  be  scaled  and  corrected,  giving 
the  true  acceleration  components  in  the  direction  of  the 
input  of  each  accelerometer.  This  operation  utilizes 
the  following  set  of  compensation  equations; 


1/2  Box  21 


After  compensation  as  outlined  above,  the  acceleration 
components  are  resolved  to  an  orthogonal  set,  ay, 
in  Box  1.  This  computation  is  outlined  in  Section 
3#2.5.3»  The  method  to  obtain  the  constants  Sf  and  Bf 
will  be  derived  in  Section  3*2.5.U*2. 


a.  =  sj  g  -  bJ 

M  “  =5  a  -  < 

0., 
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3#2#5^2.2.  Instrument  Compensations:  Gyros 

The  output  of  a  single  degree  of  freedom,  pulse 
torqued,  integrating  gyro  consists  of  the  net  number 
of  pulses  (C)  counted  over  a  period  of  time  {A  t)  due 
to  the  torques  about  the  output  axis.  The  torques 
about  the  output  axis  are,  in  general  due  to: 


Normal  gyroscopic  reaction  to  an  angular  velocity 
about  the  input  axis.  This  is  assumed  positive  if  the 
applied  angular  velocity  is  about  the  input  axis  accord¬ 
ing  to  the  right-hand  rule: 


Output  Axis 


Axis 

Positive  Angular  Input 


iRe suit ant  Positive 
Torque  Output 


The  other  outputs;  u£,  uj,  sf  have  been  defined  pre¬ 
viously.  The  general  calibration  equation  for  the 
gyro  is; 

*  Sj  C  =  COS(>-)|  Cos(iPjS) 


The  sign  conventions  used  agree  with  those  outlined 
in  Figure  2ii*  The  outputs  from  the  gyros  are  fed  into 
Box  21  on  SK  52200#  The  raw  pulse  data  is  converted 
by  scale  factor  and  corrected  for  bias.  The  unbalance 
terms  must  be  multiplied  by  the  component  of  accelera¬ 
tion  that  causes  them#  This  information  is  obtained 
from  the  compensated  outputs  of  the  accelerometers# 
Below  are  the  gyro  compensation  equations: 


♦NOTE:  In  the  general  equation  above,  s 
spin  reference  axis,  i  refers  to 


refers  to 
input  axis. 
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1/2 

Box  21 


In  the  above  gyro  compensation  equations,  the  signs 
of  the  unbalance  terms  were  determined  as  outlined  be- 
below.  First,  the  orientation  of  the  gyros  as  in  the 
physical  package  is  assumed  as  in  Figure  25  below: 


Figure  25  -  Definition  of  Package  Orientation 

This  orientation  has  the  advantage  of  minimizing 
errors  due  to  unbalances*  Since  the  output  axes  of 
the  X  and  y  gyros  point  vertically  upward,  there  will 
be  minimum  unbalance  due  to  gravity.  The  z  gyro  must 
have  its  input  axis  pointing  upward,  but  the  output 
axis  is  in  the  direction  of  maximum  expected  horizontal 
acceleration,  thus  minimizing  as  much  as  possible* 

The  unbalance,  ui,  resulting  from  an  acceleration 
in  the  positive  y  direction  is  seen  to  be  negative 
about  the  output  axis. 
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Ux,  due  to  positive  is  negative 

Uy,  due  to  positive  is  positive 

Uy,  due  to  positive  ay  is  negative 

due  to  positive  Sy  is  positive 

^2^  due  to  positive  a2  negative 

Since  the  compensation  equation  has  the  purpose  of 
subtracting  out  the  unbalances,  the  sign  of  each  will  be 
opposite  to  that  above# 


BOX  I  BOX  II 


Figure  26  Calibration  Program  of  SANE  System 
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3*2*5*3  Resolution  of  the  instrument  outputs  to  an  ortho¬ 

gonal  set* 

It  is  assumed  that  the  physical  location  of  the 
inertial  sensors  in  the  package  will  be  such  that  the 
instrument  axes  will  not  line  up  with  the  ideal  X,  Y, 

Z".  axes,  nor  will  they  form  an  orthogonal  set  within 
themselves. 

The  SA®  computer  compensates  for  the  misalign¬ 
ments  by  solving  a  set  of  equations  solved  explicitly 
for  Ax,Y,Z,  ^X,Y,Z  terns  of  known  quantities* 

The  outputs  of  the  instruments  can  be  written  as 
follows: 

Px  «  FX  bxX  +  FY  bxY  +  FZ  bxZ 

Fy  •  FX  byX  +  FY  byl  +  FZ  byZ 

Fz  -  FX  bzX  +  FI  bzY  +  FZ  bzZ 


where  F  is  either  an  acceleration  A',  or  angular  rate  W. 
bj^j  are  cosine  terras  relating  the  instrument  axis  to 
the  ideal  axis*  (obtained,  through  testing). 

In  order  to  solve  the  equations  ior  y  z 
method  following  Cramer*  s  rule  is  used*  >  *  ^ 
F«DxF«DYF*DZ 
X  Y  z  IT 


where  D  is  the  deteiminant  of  the  bij  terms: 


D  - 


bxX  bxY  bxZ 
byX  byY  byZ 
bzX  bzY  bzZ 


and  Dy  is  obtained  by  replacing  the  X  column  by  the 
oolamn  of  Si  terms.  For  example, 
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S^.' may  be  solved  in  terms  of  the  instrument  outputs: 


Fx 

bxl 

bxZ- 

Fy 

byY 

byZ 

Fz 

bzY 

bzZ 

U 


i 


I 


Fx 


byY  byZl 
bzY  bzZi  -  Fy 

bxY 

bzY 

bxZ 

bzZ 

+  Fz'  1 

bxY 

byY 

bxZ 

byZ 

D 

D 

B 

Defin^-ng  the  terms  multiplying  y  and.  ^  ^xX,  byX, 
and.  bSiX  respectively,  the  compensation  equations  can 
now  be  written  in  terms  of  these  b*JJ's 


BOX  1 


One  set  of  these  equations  is  used  for  gyro  misalignment 
and  one  set  for  accelerometers. 


■=!  Fx  b'-nX  +  Fy  b'-yX  Fz  b'-zX 

Fy  -(  Fx  b'  xY  +  Fy  b'  yY  +  Fz  b*  zY 

F2  ■  Fx  b*  xZ  +  Fy  b*  yZ  +  Fz  b*  zZ 
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f 


The  complete  set  of  b(j  may  be  obtained  from  the  given 
set  of  bj^j  by  the  following  summary: 


b*xX  • 

byY  byZ 
bzY  bzZ 

b'yX  2, 

bxY  bxZ 
bzY  bzZ 

b»zX« 

bxY  bxZ 
byY  byZ 

D 

D 

I 

b»xY* 

byX  byZ 
bzX  bzZ 

b'yY- 

bxX  bxZ 
bzX  bzZ 

b»zY» 

bxX  bxZ 
byX  byZ 

} 

i 

i 

f 

i 

! 

D 

D 

D  1 

1 

b*xZ« 

byX  byY  1 

bzX  bzY 

b'yZ- 

bxX  bxY 
bzX  bzY 

b*zZ- 

bxX  bxY 
byX  bzY 

1 

1 

i 

t 

] 

D 

D 

1 

D 

Where  D* 


bxX  bxl  bxZ 
byX  by!  byZ 
bzX  bzY  bzZ 


BOX  II 

It  now  remains  to  determine  through  testing,  the  biJ 
constants  of  the  individual  instrument  package  • 
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Obtaining  instrument  compensation  constants. 

3*2*5*U*1  Gyroscope  tests. 

By  orienting  the  instrument  package  with  one 
axis  facing  downward  and  then  another,  information 
regarding  scale  factor,  bias  and  misalignment  can  be 
obtained.  The  equations  for  the  outputs  in  each  orienta¬ 
tion  can  be  solved  by  simple  algebra.  The  complete  pro¬ 
cedure  is  developed  below. 

The  package  is  oriented  with  the  listed  face  or 
axis  pointing  downward.  The  net  positive  pulse  count  C 
.  and  the  time  t  is  recorded  for  each  test,  ^en  the 
rate  table  is  used,  the  angle  appears  as  plus  or  minus 
for  CCW  and  CW  rotations,  and  there  is.^to  be  an 
.  integral  number  of  revolutions.  A  typical  value  would 
be  UlT  radians  at 

The  X  gyro  tests  are  as  follows: 


Test  # 

■ 

2 

1* 

2' 

3 

1) 

5 

6 

-e 

0 

0 

B 

-a 

■i-e 

+X 

+x 

+x 

-X 

Y 

B 

-z 

-z 

Where  B  is  the  face  pointing  downward. 
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The 

equations  defining  each  test  run 

are: 

1. 

Sx  C  l  = 

-  W±et^  Sxn'^A  +  U®ti 

G 

®x  ti 

2, 

^xC2  ■ 

*d 

~Wiet2  Sin  "X  A  +  Ux^2 

^  bG  t2 

- 

+  t,/ 

2» 

5^02/  = 

vr^Q-^^Sxn  X”A  “  ^^^2 1 

+  BCt2. 

3. 

Wiet^Sin  >.  a)  Cos(xj 

*  4‘3  - 

h* 

Wietl^Sin  X  a)  Cos(xj 

5. 

- 

-(a* 

^iet^Sin  X  Cos(xj 

6. 

4^6* 

^iet^Sin  ^XA^  Cos(xj 

-z)  * 
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J 


i 


Solving  the  equations  for  the  X  gyro,  the  follow¬ 
ing  parameters  of  the  X  gyro  are  deteimined: 


_  0(^i+t2) 

*  C2ti-Git2 

bG  .  sG(Ci't24C^lO 

*  - 

Cos(x^T)  ■ 

0-(t3+t^) 


uS 

X 


Sx  ( C]^  tt2 1 -C2  it]L  I ) 
2  t2^!t2i 


^  Wie  Sin>A 


Cos(x.-z)  .  ^C6t5-C5t6) 

d(^5  "  ^6)  ■ 
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We  have  seen  the  complete  solution  of  equations 
for  the  7-  -gy’ro.  For  the  remaining  gyros  and  accelero¬ 
meters,  the  algebra  of  solution  and  the  equations 
resulting  from  the  various  orientations  are  similar* 
These  will  not  be  listed  as  well  as  the  resulting 
formulas  for  the  desired  constants.  These  derivations 
are  available  in  a  special  report  “Calibration  Program 
for  the  SANE  System.  “ 

3»2*5#U«2  Accelerometer  Tests 


The  known  input  used  in  these  tests  is  the  local 
gravity  vector*  By  using  various  orientations  of  the 
package,  the  vector  is  applied  along  the  three  axes  of 
each  accelerometer.  From  the  resulting  equations,  the 
scale  factor,  bias,  and  misalignment  terms  can  be  found. 


The  X  -  accelerometer  tests  result  in  the  following 


Test  # 

19 

20 

21 

22 

23 

2h 

/9 

X 

-X 

Y  ' 

-Y 

Z 

-z 

19 


20  S^Cgo 


-g  tl9  +  tl9 
g  t  20  +  b|  t20 


21  3^021  »  -g  Cosj^  (xjY)  t21  +  t21 

-g  Gosj^  (x^-z)  t2l(  +  B^  t2l; 


2‘*  Sx'zl, 


The  X  -  accelerometer  constants  are 
t20 

^20  “3i9t2Q 

(^20^19*°i9't2o) 

2  tl9t20 

Cos^  (x^T)  *-S^C21  +  Bx 

g  ^21  8 

Cosj^  (x,-z)  -  -3^021*  + 

g  ~ 
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The  y  and  z  accelerometer  formulations  are  identical 
and  will  not  be  shovn. 

3. 2.^*5  Implementation  of  the  SANE  calibration  program. 

3.2.5.5-1  General 

The  SANE  calibration  program  'will,  to  a  large  extent, 
follow  the  techniques  used  by  Corporate  Systems  Center, 
Division  of  United  Aircraft,  in  their  calibration  testing 
and  data  processing  of  a  strapped-down  inertial  system. 
This  section  will  describe  the  method  used  by  CSC,  and 
will  point  out  the  modifications  and  adaptations  necessary 
to  implement  the  calibration  of  the  SANE  inertial  package. 

3. 2 =5.5* 2  Detailed  Program 

The  experimental  model  will  be  built  and  tested.  The 
five  major  pieces  of  equipment  used  for  data  taking  will 
ber 

1.  The  inertial  package,  consisting  of  3  gyros  and 
3  accelerometers. 

2.  The  calibration  table:  a  level  surface  aligned  with¬ 
in  ±  2  seconds  of  the  gravity  vector  and  an  Elinco 
Hysteresis  Synchronous  Motor  to  drive  the  table  at  an 
angular  rate  of  plus  or  minus  2.5®/sec. 

3*  The  electronics  cabinet,  consisting  of  power  supplies, 
temperature  controls,  time  reference,  and  the  pulse 
torque  servo  amplifiers. 

U.  The  record  logic  packager  used  to  sum  the  output 
pulses  of  the  6  inertial  components  and  transmit 
this  information  in  binary  form  to  the  tape  recorder. 

5.  The  tape  recorderr  a  Potter  Model  3280,  7  channel 
unit  used  to  record,  in  binary  form,  the  outputs  of 
the  gyros  and  accelerometers. 
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In  order  to  obtain  sufficient  data  for  computation 
of  scale  factors,  bias  mass  unbalances,  and  sensor  mis~ 
alignment  direction  cosines,  the  inertial  package  is 
placed  in  various  orientations,  both  v±th  and  without 
angular  rotation*  The  output  of  the  inei‘tial  components 
is  recorded  on  the  7  channel  recorder*  This  tape  is  then 
taken  to  the  UAC  Research  Center  where  the  data  is  read 
off  the  tape  and  analyzed  on  the  lEM  7090  Coinputer*  The 
desired  information  is  automatically  printed  out  on  the 
line  printer*  Reference  Figure  27* 

3.2,5«5*3  SANE  System  Modifications 

The  SANE  package  will  be  of  a  round  or  oval  shape 
with  three  mounting  feet.  In  order  to  orient  the  package 
as  required,  a  calibration  fixture  will  have  to  be  designed 
and  built.  The  requirements  for  the  fixture  are  that  the 
external  surfaces  must  be  at  right  angles  to  each  other, 
(within  reasonable  tolerances  as  discussed  below).  Also, 
the  internal  mount  for  the  inertial  package  must  allow  for 
positioning  of  the  package* 

To  determine  the  allowable  tolerance  on  machined 
surfaces  of  the  fixture,  it  is  assumed  that  the  per¬ 
missible  angular  error  of  the  fixture  is  l/lO  the  maximum 
tolerable  error  for  SANE  system  misalignment.  This  has 
been  previously  determined  as  3*il5  minutes  of  arc.  l/lO 
of  this  is  *3115  minutes.  The  tolerance  in  inches  per 
foot  can  be  found  from  e  =«£  -tan  1  ft*,  ^ 

e  ■  ^an  *  .0001  feet/foot  or,  e  max*  »  *0012^*/foot. 

A  rough  sketch  of  the  fixture  is  shown  below* 
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FIGURE  28 


3*2*5*6  Alignment  of  the  inertial  package  with  the  doppler  axes. 

3*2.5*6#1  General 

If  the  doppler  velocity  signals  are  to  be  used 
for  correcting  or  aligning  the  SANE/FPC  system,  the 
coordinate  systems  defined  by  the  inertial  package 
and  the  doppler  must  be  aligned,. 

3*2.5#6.2  Maximum  Angular  Error 

Neglecting  the  errors  inherent  in  the  doppler 
system  (approximately  +  2^),  and  assuming  that  +0.1 
nautical  miles  would,  be  an  acceptable  error  after  1 
hour  of  travel  at  100  knots,  the  two  axes  will  have 
a  maximum  misalignment  of  +  3*U5  minutes  of  arc* 

3*2.5*6.3  AN/APN-130  Alignment  Method 

Referring  to  NAVIWEPS  I6-.3OAPNI3O-2,  Service 
Instructions  Handbook  for  the  AN/APN-130  (v)  Radar 
Navigation  Set,  the  following  method  is  used  to  align 
the  doppler  to  the  craft  axes: 

a.  The  craft  is  leveled  both  longitudinally  and 
laterally,  using  jacks. 

b.  A  piece  of  straight  aluminum  angle  stock  is 
placed  across  the  boresi^ting  pads  of  the 
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external  antenna  surfaces* 

c.  X  clinometer  is  placed  on  the  aluminum  stock* 
The  angle  measured  laterally  should  be  12^ 

+  from  the  horizontal. 


FIQURE  29 

Notej  The  angle  has  been  brought  within  +  1^  by 
shimming  the  antenna  mounts.  The  actual 
angle,  within  these  limits  but  having  some 
error,  is  measured  and  recorded. 

d«  A  similar  method  is  used  for  longitudinal 

error  where  the  antennas  should  be  horizontal 

+  29* 

e.  A  scale  factor  is  determined  for  each  antenna 
misalignment,  and  the  Signal  Data  Converter 
Velocity  Computer  Module  of  the  AN/APN-I36 
is  -adjusted  to  correct  for  the  misalignments. 
It  should  be  noted  that  there  are  no  markings 
or  reference  surfaces  on  the  AN/APN~130  pactege 
corresponding  to  the  true  doppler  axes.  Since 
the  doppler  is  resolved  to  the  craft  axes, 
alignment  of  the  inertial  package  to  the 
craft  axes  should  align  the  doppler  with 
the  SANE/FPC  system. 

3*2. 5*6. U  Craft  Leveling 

Since  craft  leveling  is  used  in  aligning  the 
doppler,  the  method  used  should  be  examined.  Referring 
to  page  1-29'  of  NAVWEPS  01-230HLC-2-1  General  Informa- 
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tion  for  the  SH-3  Helicopter^ 

A\  leveling  plate  is  permanently  attached  to  the 
floor  in  the  center  of  the  cargo  door* 

Ai  plumb  bob  is  hung  from  a  leveling  slot  above 
the  door* 

The  plate  has  marks  for  each  l/h  degree,  and  is 
numbered  for  each  degree.  Markings  are  in  the  longi¬ 
tudinal  direction  only  and  have  a  range  of  +  U®*  See 
sketch* 

14321012314 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  il  1 1 1 


It  is  estimated  that  this  scale  could  be  set  at 
some  value  with  an  accuracy  of  better  than  ^  1*^ 
minutes  of  arc*  " 

3*2.5*6.5  Alignment  Methods 

Outlined  below  are  descriptions  of  a  number  of 
alignment  methods  that  could  be  used  either  in  idiole 
or  in  part.  A*  summaiy  of  the  methods  along  with 
advantages  and  disadvantages  of  each  is  given  in 
Table  7  . 

The  use  of  an  optical  alignment  method  appears 
to  be  of  sufficient  accuracy  for  this  task^  and  could 
be  used,  assuming  that  the  SH-3  design  provides  visual 
accessibility  of  the  inertial  package  from  the  outside. 

During  the  initial  testing  and.  calibration  of  the 
inertial  package,  reference  would  be  made  to  a  two 
sided  optically  flat  mirror.  The  two  surfaces,  90° 
apart  will  determine  the  ideal  X,  Y,  Z  axes  of  the 
Instrument  package* 

The  instrument  used  in  conjunction  with  the  i^rror 
surfaces  is  an  Auto -collimator,  or  a  Theodolite  with 
auto-oolllmatipTI  features* 
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Ai  device  known  as  a  wheel**  is  used  as  part 

of  an  operational  check  on  the  doppler.  The  device 
consists  of  a  rough  surfaced  revolving  reflector  of 
the  doppler  signals*  System  operation  and  scale 
factor  is  usually  checked  with  this  method* 

By  positioning  the  Blitz  wheel  such  that  maximum 
velocity  in,  for  example,  the  forward  or  x-direction, 
the  true  doppler  axes  could  be  determined*  Modifica¬ 
tions  would  have  to  be  made  to  the  existing  Blitz 
wheel  in  order  to  accurately  define  the  axis  of  the 
Blitz  wheel*  For  the  optical  alignment  scheme,  this 
would  mean  the  installation  of  a  mirror  cube  on  the 
Blitz  wheel* 

It  is  also  possible  to  align  the  inertial  package 
using  the  resolved  outputs  of  the  accelerometers*  The 
craft  must  be  leveled  as  described  previously*  The 
package  is  then  oriented  for  minimum  a^  outputs* 

Wien  this  condition  is  reached,  the  package  is  then 
level,  or,  the  Z  axis  of  the  packagei  is  in  line  with 
the  craft  vertical* 

For  the  alignment  of  another  axis,  the  craft  must 
be  tilted  about  one  axis*  Let  us  assume  a  pitched 
down  attitude  of  ^out  15^*  The  package  is  then  aligned 
until  there  is  minimum  output  from  the  X-axis  acceler¬ 
ometer*  The  exact  value  of  the  tilt  angle  is  unimpor¬ 
tant.  However,  for  a  larger  angle,  up  to  90®,  the 
error  is  smaller* 

Error  analysis  for  accelerometer  leveling.  We 
assume  that  the  maximum  allowable  angular  error  is 
minutes  of  arc.  For  the  case  where  the  craft  is 
level,  the  X  and  I  accelerometers  should  be  perpendi¬ 
cular  to  the  gravity  vector*  In  this  instance,  the 
output  would  be  the  sum  of  bias  stability,  threshold 
and  resolution  errors  in  addition  to  the  output  due 
to  misalignment*  This  means  that  we  cannot  align  any 
closer  than  the  angle  corresponding  to  the  furious 
outputs* 

Our  present  reqtiirements  are  for  accelerometers 
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having  a  combined  error  of  7*58  x  10“^  g.  It  is 
possible  that  we  obtain  better.  The  input  to 
an  accelerometer  near  horizontal  is  g  sin  Oc  .  To 
find  ^  ,  the  deviation  from  horizontal  due  to  acceler¬ 
ometer  errors,  we  set 

1 

g  SINOd  =  7.58  X  10-5  g 

,  SINOC  =  7.58  X  10-5 

oi  is  approximately  7.58  x  10"^  radians 
-  (7*58  X  lO”^)  (57*3)  60  minutes  *  0.26  minutes 

I 

j  Comparing  this  with  the  maximum  allowable  error  of  3*5 

\  minutes,  this  means  that  we  have  an  accuracy  ratio  of 

f  better  than  13:1  between  the  test  method  and  the 

desired  accuracy.  For  the  case  where  the  craft  is 
tilted,  the  input  to  the  y  accelerometer  is  g  SIN^SIN  Q 
;  where  0*  is  the  craft  tilt  angle.  From  the 
General  Information  Handbook  for  the  SH-3  NAVWEPS 
01-230WLC-2-1,  the  maximum  allowable  tilt  angle, 
while  the  craft  is  on  the  ground,  is  1^^  about  the 
pitch  axis. 

Taking  0*l5^,  and  the  accelerometer  errors  as 
before,  ^ 

g  SINc^SIM  15°  -  7.58  X  10"^g 

7^58  X  10-5  7.58  X  10"^  , 

SIN0<  -  SIN  15^^  -  .25882  =  2.93x10“^ 

1  SINoC  =  (2,93x10"^)  (57.3)  60-l.Ql  min. 

Thus,  the  minimum  detectable  angle  is  about  1  minute, 
giving  an  accuracy  ratio  of  about  3*5sl  between  this 
test  method  and  the  maximum  allowable  error* 

Mention  ^ould  be  given  to  the  possibility  of 
using  spirit  levels  or  bubble  levels*  This  could 
give  us  the  vertical,  axis  of  the  package  mounted  in 
a  level  craft  without  much  difficulty.  Some  other 
method  would  have  to  be  employed  to  provide  us  with 
the  alignment  of  the  X  or  Y  axis.  The  accuracy  of 
bubble  levels  vary,  but  as  an  example,  the  bubble 
level  used  in  the  Keuffel  &  Esser,  KE-2  Theodolite, 
has  an  accuracy  of  20  seconds*  This  should  be  adequate 
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for  our  purposes* 

3*2*5*7  Summaiy 

Table  7  summarizes  the  methods  described  in  this 
report*  It  can  be  seen  that  no  one  method  stands  out 
as  being  ideal.  The  best  method  may  be  a  combination. 
The  simplest  leveling  method,  using  a  bubble  level 
could  be  combined  with  either  the  inertial  or  the 
Blitz  wheel  method  of  detemining  directional  orienta¬ 
tion.  The  inertial  leveling  procedure  has  sufficient 
accuracy  to  be  combined  with  one  optical  sighting 
from  either  craft  axis  or  Blitz  wheel  doppler  axis 
aHgnment.  It  is  apparent  that  leveling  the  inertial 
package  poses  no  great  problems,  however,  none  of  the 
methods  described  provide  an  ideal  directional  align¬ 
ment  in  J.  and  Y  axes.  Use  of  flight  test  data  for 
this  is  being  investigated. 
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Table  7 

PHOPOSEC  ALIGNMENT  METHODS  -  SUMMAHT 

doppler/craft/inertial  package 


Advantage 

Problems 

Optical 

High  Accuracy 

(+.5  seconds  arc) 

Presently  there  is  no  known 
visual  access  to  inertial 
package.  Mirrors  must  be 
mounted  on  package. 

Blitz  Wheel 

Gives  true  doppler  axis 

i 

►Requires  (l)  optical  sight* 

Obtaining  Blitz  wheel  axis* 

Does  not  provide  vertical 
axis. 

Inertial 

No  optical  sighting* 

No  additional  equip¬ 
ment,  Gan  give  verti¬ 
cal  with  no  tilting 
of  craft* 

Requires  tilting  of  craft  | 

about  10^,  Maximum  allow-  i 

able  is  15^*  Equipment  must 
be  operating.  Error  close 
to  maximum  allowable. 

Spirit  Leveling 

No  optical  sighting 
needed  to  obtain  verti¬ 
cal*  Equipment  doesn't 
have  to  be  turned  on. 

Gives  vertical  axis  only, 

-  j 

1 

Note:  All  methods  depend  on 
craft  leveling  accu¬ 
racy  (estimated 
+  1,5  min.) 
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3»2*6  Pulse  Torque  Servo  Amplifier 

3*  2 . 6* 1  Introduction 

Pulse  torquing  is  a  term  used  to  designate  the  digital¬ 
ization  of  current  used  to  torque,  sihgle-degree-of- freedom 
gyros  and.  accelerometers.  Basically,  the  PTA  accepts  an 
analog  error-signal  input, from  a.  gyro  or  accelerometer  and 
performs  an  analog  to  digital  conversion  on  the  input. 

The  PTA  accomplishes  a  servo  restraining  function  and  pro¬ 
vides  an  output  proportional,  to  acceleration  or  velocity, 
depending  on  .the  type  of  inertiaX- sensor  used.  This  out¬ 
put  inf  orma.tion  is.  in.  discrete,  pulse,  form,  which  is  high¬ 
ly  desirable,,  for  the  accuracy  .due  to  counting  accurately 
controlled  pulses  exceeds,  that  of  attempting  to  measure 
analog  currents. 

The  study  program  Just  completed. .was  to  redesign  an  exist¬ 
ing  PTA  to  meet  the.  new  environmental  requirements. 

3 . 2 . 6 . 2  Spe  cif ica  tions 

The  following  are  requirements  to  be  met  by  the  PTA: 

1.  To  operate  in  an  environment  controlled  to  130* 
±5*F  for  coarse  temperature  control,  and  to  1^0* 
±1*F  for  .the  fine  temperature  control. 

2.  To  have  error  contributions  smaller  than  or  equal 
to  .1  X  10-^  g/g  ”Scale.  Factor  Stability”  and 

1  X  10-6g  ”Bia8.  Stability”  for  a  one  sigma  (l^ 

2l|  hours,  of  continuous  operation  at  normal  operat¬ 
ing  temperatures. 

3.  To  accept  maximum  linear  acceleration  inputs  to 
2.5  g’s  for  accelerometers  and  maximum  angular 
velocities  of  20*/8ec  for  gyros. 

Have  capability  of  driving  the  inertial-sensor 
torquer  winding  w±th.  up.  to.  UG..  volts  at  k  watts. 

5.  To  withstand  the  severest  .helicopter  environmental 
conditions. 

6.  Torquep power  to  be  constant. 
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7#  Operation  at  a  maximum  loop  gain  consistent  with 
loop  stability. 

3*  2.6.3  Conclusions 

Since  a  previously  designed  PTA  which  is  capable  of  oper¬ 
ation  at  70*F  and  at  a  lower  torquer  power,  has  operated 
satisfactorily  in  this  application.  It  is  beleived  that 
the  additional  requirements  can  be. satisfied  without  much 
difficulty  and  a  minimum  amount  of  redesign, 

3*2. 6.U  Des ign  C onsi dera ti ons 

Design,  requirements  of  the  PTA  are  very  stringent  and  re¬ 
sulted  in  the  utilization  of  several. unique  circuits*  The 
following  are  part  of,  the  requirements  imposed  on  the  PTA. 

1.  Adequately  high  maximum  torque  to  handle  high 
angular  input  rates.  A  maximum  of  2.5<  g’s  for 
the  accelerometer  and  an  angular  rate  of  20^ /sec¬ 
ond  for  the  gyro. 

2*  Adequately  small  pulse  width  to  provide  the  nec¬ 
essary  resolution- 

3#  The  use  of  pulse  frequencies  which  are  compatible 
with  the  electromagnetic,  torquers  of  the  inertial 
.sensors^  yet  optimum  for  system  performance. 

U.  Torquer  power  to  be  kept  to  a  minimum  and  to  be 
constant. 

5*  The  requirement  for  high  loop. gain,  dynamic  sta¬ 
bility  and  fast  .response  of  the  servo  loop. 

6*  Ambient  temperature  to  be  epproxima  tely  150*F# 

3* 2.6*5  Design  and  Development  Efforts 

The  development  program  of  the.  PTA. has  . been  to  attempt  an 
improvement  in  an  overall  system  performance  and  to  meet 
the  ,*^inearity",  •^uivalency*^  and  !^S;cale  Factor  Stability^ 
requiremanta* 
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The  Electrical  design  and  developments  were  tos 

1.  Eliminate  the  possibility  of  all  bridge  transistors 
being  "on”  or  "off"  simultaneously.  Since  the  current  regula¬ 
tor  input  is  from  the  bridge  sensing  resistor  any  transients 
produced  will  severely  limit  the  ability  of  the  regulator  to 
meet  its  functional  requirements. 

.2.  Reduce  intercircuit  coupling  of  signals. 

3,  Test  the  gain  linearity  and  sensitivity  of  the  push- 
pull  stages  with  a  durraiQT  load.,  Repeat  as  loaded  under  normal 
operating  conditions.  Since  the  normal  load,  includes  the  half 
wave  demodulator,  this  information  would  be  helpful  in  evaluat¬ 
ing  the  performance  of  such  a  device. 

k*  Redesign  the  25  milliamp  accelerometer  bridge  for  use 
with  the  accelerometer  requiring  a  torquer  current  of  12.5 
milliampe , 


5#  Attempt  to  reduce  or  eliminate  the  number  of  trim 
pots  located  within  the  current  regulator  circuitry. 

6.  Set  up  test  procedures  for  testing  "Scale  Factor" 
and  "Equivalency  Stability"  for  both  open  and  closed  loop 
operati on. 

7.  Determine  optimum  circuit  layout  for  minimum  coupling. 
Finalize  exact  components  which  are  to  be  fine  temperature 
controlled,  keeping  in  mind  the  need  for  proper  inter-board 
impedance  matching. 

8.  Consider  the  possible  use  of  shielding  to  improve 
or  maintain  existing  performance. 

9.  Design  changes  have  been  incoiporated  in  the  exist¬ 
ing  70®F  accelerometer  P.T.S.A.  and  preliminaiy  test  have 
proven  satisfactory  with  an  ambient  temperature  of  150®F. 

Since  operation  of  the  70®F  design  has  previously  met  system 
specifications,  a  minimum  effort  should  be  expended  to 
finalise  the  design  of  the  hi^er  temperature  unit.  Some 

of  the  problem  areas  and  their  respective  detrimental  effects 
due  to  the  increase  in  temperature  are  listed  as  follows t 

a.  Power  dissipation  of  resistive  components  must  be  derated 
by  Approximately  20^. 
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b#  All  semiconductors  have  a  smsller  maxiinuni  power  dissipa¬ 
tion*  Power  reduction  of  approximately  1^%* 

c#  Tl;iermal  noise  agitation-voltages  in  resistive  components, 
which  is  proportional  to  the  sqijare  root  of  temperature 
in  degrees  Kelvin,  are  increased  by  approximately  6%^ 

d*  Switching  ability  of  semiconductors  is  adversely  effected* 
Leakage  currents  increase.  For  "bulk”  type  cai*rents  this 
amounts  to  an  increase  in  leakage  hy  approximately  a  factor 
of  l6  over  room  temperature  operation. 

10.  Due  to  the  high  voltage  developed  across  the  gyro 
torquer winding  the  semiconductors  are  being  pushed.  Initial 
design  philosophy  was  to  incorporate  four  layer  devices  as 
bridge  elements.  Though  satisfactory  oiDeration  and  data 
have  been  achieved  at  YO^F^four  layer  devices  are  inherently 
slower,  have  higher  leakage  and  have  a  hi^er  saturation 
resistance  than  do  transistors.  It  has,  therefore,  been 
decided  to  design  and  develop  a  transistorized  power  output 
bridge.  The  major  problem:s  with  transistors  is  that  hi^ 
voltage,  hi^  speed,  high  currait  and  two  units  in  one  header 
are  difficult  to  obtain  simultaneously.  To  solve  the  high 
voltage  problem,  a  bridge  was  designed  incorporating  ei^t 
transistors.  The  transistors  will  be  grouped,  two  in  a 
series,  shunted  by  a  large  value  resistance  thereby  reducing 
the  voltage  requirement  by  a  factor  of  two.  Various  transistor 
manufacturers  have  been  consulted,  and  to  date  this  appears 
to  be  the  most  satisfactory  soliibion.  The  type  of  semi¬ 
conductor  specified  are  planar  aid  are  available  two  per  header. 

Conclusions 

The  finalization  of  circuit ly  for  both  the  gyro  and  acceler¬ 
ometer  PTA,  compatible  with  the  temperature  requirements, 
require  additional  development  on  their  respective  room  tempera¬ 
ture  versions.  An  attempt  will  be  made  to  meet  or  exceed 
the  specified  system  requirements.  Since  the  initial  design 
concept  was  specifically  for  missle  «pplication,  jlt  is  felt 
that  the  specifications  pertaining  to  loop  gain  and  "Scale- 
Factor  Stability"  can  be  relaxed  somewhat.  Tests  will  be 
conducted  to  measure  "Scale  Factor”  and  Bias  Stability  in  t  an 
open  loop  configuration.  Later  similar  measurements  including 
linearity  will  be  made  under  closed-loop  operation. 

In  the  present  design,  at  room  temperature  the  occurrence 
of  spikes  on  the  bridge  sensing  resistor  have  been  eliminated. 

It  is  felt  that  the  contribution  due  to  an  increase  in  ambient 
temperature  will  be  insignificant,  after  the  appropriate  com¬ 
pensation. 
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3t2,7  Inertial  Instrament  Package 

The  design  of  a  small  li^twei^t  inertial  instrument 
package  was  emphasized.  There  were  two  approaches  considered-; 
a  liquid  convection  system  and  a  solid  conduction  system* 

A  detail  design  was  completed  on  eadi  system.  The  \mits 
were  designed  to  the  following  specification. 

Inertial  Instrument  Package 

Ambient  Temperature;  0-l50®Fj 0-l50®F  mounting,  0-125 Ambient 

Air 

Core  Temperature;  180  ±  1*F  to  be  held  to  ±  O.l^F  at  any  po^nt 

"G”  Loading:  3G  maxim\im,  non-i^ock 

Vibration;  ,006"  double  amplitude  at  5-?0  cps 
5  G’s  at  50  -  500  cps 

Gyros:  3  at  1.0  #  eadi  sealed  if  required, 

Acceleroneters:  3  ati2r#each  sealed  if  required# 

Instrument  Alignment ;  +  0®  3’  0”  initial 

±  0*  0^  1”  environmental 


Package/Frame 
Alignment:  ±1® 

Warm  Up  Time :  30  minutes  maximum 

Interchangeability;  All  instruments  replaceable  and  inter¬ 
changeable  # 

Expected  Operational  life:  Heaters  1  year  continuous 

instruffients  500  hours  continuous 
Type  Duty:  Continuous  and  interrupted 

Shelf  Life:  1  year  storage 

Ppes  sure humidity  I  Normal  under  1000  ft# 

System  Seal:  Dust,  Salt  Spray 

Shield,  Magnetic:  Netic-Conetio 
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3#2.7*1  The  Liquid  Sygtein(Reference  I8X590809) 

The  liquid  convection  mode  of  thermal  control  at  first 
appeared  to  have  more  advantages  in  rigid  tenperature  control, 
(the  liquid  flow  rate  could  be  designed  to  yield  any  reason¬ 
able  constant  teirperatire  d:  fference  across  an  instrument), 
in  weight,  and  in  ability  to  withstand  external  temperature 
different! als*  As  design  of  the  liquid  system  was  nearing 
completion,  however,  it  became  apparent  that  the  desired 
weight  level  could  not  be  met,  and  that  reliability  was 
considerably  reduced  due  to  seal  problems  and  to  possible 
field  abuse*  Erection  and  alignment  becomes  more  of  a  problem, 
and  laboratory  tests  run  on  some  filler  materials  proved 
discouraging*  With  sufficient  develop¬ 

ment  time  and  with  the  improvement  of  polyurethenes,  the 
liquid  system  still  holds  futxire  nrondse  of  better  tempera¬ 
ture  control  at  weights  excelled  those  possible  with  a 
solid  core. 

In  this  method  a  coolant  (glycol)  is  pumped  through 
an  annular  space  around  each  instrument  by  a  simple  inpeller 
powered  by  two  motors  (for  redundancy).  The  flow  rate  of 
ten  feet  per  second  would  result  in  only  a  .l^F  temperature 
rise  of  fluid  from  entrance  to  exit  of  annulus.  The  fluid 
is  collected  from  all  the  instruments,  mixed  and  then 
directed  by  a  solenoid-controlled  valve  through  a  tube  attached 
to  the  package*skin.  Here  the  fluid  surrenders  its  heat  to 
the  skin,  whidi  radiates  the  heat  to  the  surroundings.  The 
package  wfei^t  would  approach  lU  potmds.  Any  temperature 
differential  imposed  across  the  package  outer  skin  would 
not  be  ^^felt”  by  any  instrument,  since  this  heat  flux  would 
be  mixed,  and  thereby  balanced,  by  the  fluid.  The  pulT^^,  -the 
valve  and  the  flow  patterns  throu^out  the  package  ducts 
ensure  continued  mixing  of  the  fluid. 

Limitations  and  restrictions  of  this  design  include 
the  quantity  and  difficulty  of  sealing  the  complex  fluid 
passages,  stringent  assembly  techniques  required,  difficulty 
of  field  maintenance,  prone  ness  to  failure  due  to  field 
abuse,  and  a  required  cyclic  overhaul  (which  could  only 
be  accomplished  ^t  the  factory).  Any  state-of-the  art 
advances  in  sub-miniaturization  would  not  be  enjoyed  by 
simply  modifying  this  design  as  much  as  would  the  solid 
package,  since  the  fltdd  ^stem  tends  to  control  the  package 
volume  required  rather  than  the  instrument  size# 

The  package  ^in  is  made  of  netie-conetic  material,  which 
assures  magnetic  attenuation  of  approximately  120,000  to  one# 
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3. 2. 7. 2  The  Solid  System  Reference  l8X590805  and  SK52216 

With  the  recognition  of  twe  listed  short  coinings  of 
the  sophisticated  liquid  convection  system,  a  review  of 
concepts  was  made  and  the  shortcomings  of  the  solid  system 
re-evaluated.  A  formula  was  developed  to  ascertain  the 
need  for  additional  thermal  filtering.  A  detailed  analysis 
indicated  tMt  an.  additional  thermalfilter  would  not  be 
needed  provided  the  present  filtering  could  be  improved. 

With  no  additional  rings  of  conductive  metal,  as  assumed 
8®F  temperature  difference  across  the  outside  of  the  package 
was  found  to  create  less  than  the  maximum  allowable  .1®F 
across  any  instrument.  This  was  reflected  in  a  lower  weight 
than  had  been  originally  estimated,  and  made  the  wei^t  com¬ 
parable  to  the  liquid  design.  Further  investigation  was 
therefore  implied. 

The  principle  of  operation  of  the  solid  core  is  that  the 
instruments  are  considered  to  be  heat  sources  buried  within  a 
highly  conductive^  thermal  bed.  If  these  heat  sources  are 
relatively  distributed  and  have  essentially  even  heat  outputs, 
the  core  will  tend  to  be  nearly  isothermal,  and  will  have 
calculable  temperature  gradients  throu^out. 

For  ai  aluminum  core  closely  machined  to  accept  the 
instrument the  steady-state  temperature  difference  should 
never  exceed  ±  .Ol|®F  which  is  well  within  the  0.1®F  required. 

If  magnesium  were  used  for  Ihe  core,  a  wei^t  savings 
of  30%  of  the  core  weight  (about  3A  pound)  could  be 
evidenced,  but  the  thermal  transients  would  increase  so  that 
ten^perature  regulation  would  be  ±  .06®F  rather  than  ±  .OU^F 
as  in  aluminum.  However,  this  still  remains  within 
specification.  Commercially  pure  magnesium  should  be  used 
(i.e.,  Dow  B92-^2  ingot,  99.878^  pure) to  retain  high 
thermal  conductivi^.  Dow  lists  99»9%  pure  magnesium 
conductivity  as  91^^/FT/FT2/®F/HR.  For  the  breadboard 
model,  however,  aluminum  is  reconinended  because  of  its  ease 
of  machining  and  thermal  stability  at  elevated  temperatures. 
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Warm  Up 

Warm  up  time  occurs  exponentially,  and  should  be  achieved 
within  thirty  minutes  by  using  the  heaters  enclosed  within 
the  gyros,  the  instruments  being  protected  by  individual 
th  ermo-swit  ches. 

Time  Constants 

Time  constants  for  a  temperature  fluctuation  at  the 
surface  of  the  core  to  be  sensed  by  the  temperature  sensor 
buried  1/2  inch  wl.thin  the  core  would  be  four  seconds* 

This  should  be  entirely  satisf actory'^  since  the  sensor 
will  sense  the  bed  temperature  and  will  respond  within 
a  relatively  short  time,  preventing  large  on-off  heater 
oscillation  about  the  nominal  temperature# 

The  core  is  surrounded  with  a  layer  of  insulation  to 
act  as  a  thermal  barrier  which  controls  the  amount  of  heat 
flux  reaching  the  outer  skin*  All  but  two  per  cent  of  the 
heat  leaves  the  package  by  radiation  and  convection 
occurring  at  the  outer  skin#  This  few  per  cent  escapes 
'Ha  the  three  legs,  and  the  leg  resistance  is  adequate  to 
prevent  a  15®F  temperature  gradient  at  the  mounting  surface 
from  creating  a  .1“P  temperature  gradient  within  the  package. 

A  resistance  heater  type  temperature  control  regula.tes  the 
aluminum  block  temperature  by  means  of  an  electronic  teir^era- 
ture  controller#  The  package  skin  is  a  netic  conetic  cover¬ 
ing  designed  to  attenuate  a  DC  magietic  field  by  a  factor 
of  120,000  to  1#  This  material  can  be  fabricated,  formed, 
machined,  aid  subjected  to  blows  without  affecting  its 
magnetic  shielding  properties* 

Since  the  type  and  strength  of  magnetic  fields  -^ich 
may  be  encountered  is  unknown,  an  optimum  thickness  of  *0l5 
conetic  over  #02^  netic  material  was  selected*  This  would 
reduce  a  60  cycle  field  of  500  gauss  by  about  30,000  to  1* 

The  weight  of  the  shield  is  ^proximately  two  pounds,  and 
package  weight  could  be  reduced  if  thinner  material  could 
be  used  and  less  magnetic  attenuation  could  be  tolerated. 

The  same  material  could  possibly,  by  coordination  with 
instrument  vendors,  be  cased  over  the  individual  instruments. 
Approximately  one -half  pound  could  be  saved  from  present 
package  design  doing  this. 
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Stresses 

Stresses  in  the  cere  remain  easily  within  material 
limits,  both  for  altlminum  and  for  magnesium*  Deflection 
under  a  3-g  load  remain  less  than  the  maximum  tolerable 
of  one  second  of  arc* 

Vibration 

For  this  particular  application,  the  prime  vibration 
source  is  between  10  and  20  cps*  It  is  desired  to  isolate 
all  frequencies  above  one  or  two  cps  to  reduce  anisoelastic 
drift  error  in  the  gyros.  The  vibration  isolation  is 
compounded  because  no  damping  is  desired  such  that  all 
accelerations  will  be  detected*  Commercial  isolators 
tend  to  resonate  under  our  load  at  ten  to  lU  cps,  which  is 
in  the  middle  of  the  band  to  be  isolated(^rotor  blade 
vibration]^  The  apparent  solution,  then,  is  to  use  a  soft 
motinting  with  adjustable  rigidity,  so  that  the  resonant 
frequency  of  the  mounts  can  be  shifted  to  either  side  of  the 
prime  source  by  adjusting  while  on  a  shaker  table*  Such  a 
system  has  been  provided*  Adj\as table  inbunting  bolts  can 
change  the  amount  of  pre-load  on  the  mount  and  thereby 
change  the  transmissibility  of  the  mount. 

Future  Prospects 

With  the  present  aluminum  core,  the  package  weighs 
around  11*2  pounds.  Some  additional  design  effort  could 
probably  reduce  this  to  9  pounds,  and  the  incorporation 
of  a  magnesium  core  in  place  of  alTiminum  (beryllium  is 
also  a  possibility)  could  yield  an  8.5  pound  package 
that  would  meet  the  present  specifications.  Further 
improvement's  in  the  <  state-of-the-art  by  instrument  vendors 
would  directly  affect  the  weight  and/or  size  of  the  package. 

It,-  therefore,  seems  an  entirely  reasonable 
prediction  at  this  time  that  an  eight-poTind  strap-down  inertial 
package,  complete  aid  mounted,  is  possible  in  the  future 
without  stressing  the  present  state-of-the-art  in  instrument 
manuf  acture  • 
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3.3 _ Flight  Path  Control  Design 

3.3*1  Introduction 

The  Flight  Path  Control  is  a  computer-controlled 
autopilot  designed  to  pilot  a  vehicle  automatically 
through  any  of  a  wide  variety  of  ASW  patterns.  Once  a 
pattern  has  been  selected  and  programmed  into  the 
computer,  and  a  search  datum  point  inserted,  the  FPC 
will  calculate  each  successive  dunk  point  in  a  pattern 
centered  on  the  search  datum,  and  maneuver  the  vehicle 
into  a  hover  over  each  dunk  point  in  turn. 

The  basic  units  of  the  system  are! 

1,  The  Dunk  Pattern  and  Flight  Path  Computer, 
which  accepts  inputs  from  the  pilot  and 
Navigational  Computer  generates  and  routes 
digital  commands. 

2,  The  Analog  Command  Generators,  located  in 
the  Computer-Flight  Control  interface 
develops  the  analog  command  signals. 

3,  The  FPC-1  Modified  Automatic  Stabilization 
Equipment  (FPC-I/ASE),  provides  both  imple¬ 
mentation  of  the  necessary  maneuvers,  and 
maintains  the  vehicle  in  a  dynamically 
stable  mode. 

3.3.2  Design  Conclusions 

The  FPC  will  function  in  any  ASW  pattern  with  a 
minimum  range  of  5000  yards  between  successive  dunk 
points,  a  cruise  velocity  between  60  and  100  knots, 
a  hovering  altitude  of  20  to  100  feet,  and  a  cruising 
altitude  of  100  to  200  feet.  Velocities  above  100 
knots  would  be  possible  contingent  upon  an  increase 
in  the  minimum  range  between  dunk  points  to  allow 
sufficient  maneuvering  room.  The  FPC  will  be  capable 
of  commanding  all  the  maneuvers  necessary  to  realize 
a  pattern  and  will  sequence  them  in  the  proper  order. 
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The  maneuvers  used  are:  transition  to  hover,  transition 
to  cruise,  coordinated  turns  (CW  and  CCW),  and  the 
homing  maneuver. 

Through  the  blending  of  navigational,  computational, 
and  autopilot  functions,  it  is  possible  to  provide  a 
wide  range  of  pilot  options  and  overriding  abilities,  thus 
enabling  the  pilot  to  skip  dunk  points,  leaye  and  re¬ 
enter  the  pattern  at  any  time,  or  to  start  a  new  pattern 
centered  on  a  datum  point  of  his  choice.  I^on  leaving 
the  pattern,  the  pilot  may  insert  a  selected  point 
in  the  FPC  and  be  flown  automatically  to  this  point, 
terminating  in  a  hover  over  it* 

Much  of  the  flexibility  in  the  program  stems  from 
the  fact  that  the  pattern  is  realized  by  homing  on 
successive  points  rather  than  by  dead  reckoning  methods. 
Also,  the  system  operates  at  low  authority  levels, 
consistent  with  automatic  flight  practices  5  this  gives 
the  pilot  ultimate  control  over  the  vehicle  at  all 
times.  Finally,  pilot  opinion  has  been  a  prime  factor 
in  all  design  considerations;  automatic  maneuvers  were 
designed  to  duplicate,  as  nearly  as  possible,  existing 
manual  ASW  maneuvers. 

3*3 .3  Design  Considerations 

3.3.3 •!  Basic  Flight  Path  Concepts 

The  basic  flight  path  concepts  evolved  from 
consideration  of  the  operating  limitations  imposed 
upon  the  vehicle^^  and  the  definition  of  the  mission; 
i.e.  the  vehicle  must  be  able  to  function  in  a  wide 
variety  of  ASW  patterns  without  exceeding  its  operating 
limitations. 

3 . 3 . 3 . 1 .1  Operation  Limita tions 

The  following  vehicle  operating  limitations  are 
pertinent  to  the  establishment  of  the  basic  flight 
path  concepts! 

(a)  All  transitions  shall  be  performed  with 
the  vehicle  headed  into  the  wind. 
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1(b)  The  maximum  perynissible  roll  angle  is  30  1 

degrees* 

ji  (c)  The  maximum  permissible  acceleration  is 

j;  1*^ 

j  (d)  The  maximum  permissible  vertical  rate  is  ] 

,  900  ft/min*  (Vertical  rates  above  this  j 

value  are  safe,  but  uncomfortable,)  i 

1  j 

,  (e)  The  maximum  permissible  forward  speed  is 

I  150  knots*  I 

(f)  Hovering  turns  shall  not  exceed  a  rate  i 

1  of  2h  deg/sec.  (36O  degrees  in  1$  seconds).  i 

3. 3. 3. 1.2  Mission  Requirements 

The  system  will  be  capable,  of  operating  in  ASW  | 

^  missions  whose  range  between  successive  dunk  points  j 

is  ^000  yards  or  greater.  Design  objectives  will  be  1, 

to  minimize  time  required  to  complete  a  given  pattern,  | 

and  minimize  fuel  consumption,  yet  eliminate  all  j 

{  abrupt  maneuvers,  and  provide  as  much  flexibility  in  ■ 

1  the  program  as  possible.  The  principal  implication 

is  that  both  the  number  and  complexity  of  maneuvers 
required  should  be  kept  to  a  minimum* 

3 .3 .3 .2  Flight  Path  Implementation 

The  basic  unit  used  in  implementing  the  flight 
path  will  be  the  Hamilton  Standard  Automatic  Stabilization 
Equipment  (ASE),^2  ^  four  axis  control  system  (pitch, 
roll,  yaw,  collective)*  The  ASE  Basic  Channels  will 
i  be  used  to  maintain  stability  of  flight;  the  Coupler  1 

j[  functions  will  be  modified  to  accept' FPC  inputs. 

^  Whenever  possible,  the  Coupler  path  gains  will  be  I 

:i  preserved  and  the  modifications  will  be  restricted  to  1 

the  Coupler  inputs*  This  will  allow  the  use  of  the  | 

\'  ASE,  a  proven  piece  of  equipment,  in  close  to  its  : 

V.  existing  form*  The  implementation  design  effort  would  j 

;  then  be  centralized  in  the  Analog  Command  Generator  | 

section,  where  the  computer  outputs  would  be  processed  \ 

and  fed  out  in  usable  analog  form.  j 

i  i 
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3*3. U  Basic  Flight  Path  Concepts 

3*3-U.l  Dunk  Point  to  Dunk  Point  Flight  Path 

Ihe  basic  problem  is  to  maneuver  the  vehicle 
from  a  hover  at  some  dunk  point.  A,  (see  Figure  30A) 
to  a  hover  at  the  next  dunk  point,  B,  The  transition 
to  cridse  and  the  transition  to  hover  must  both  be 
performed  with  the  vehicle  headed  into  the  wind.  The 
transition  to  cruise  will  be  completed  in  a  distance, 
a,  and  the  transition  to  hover  in  a  distance,  b. 
Therefore,  the  problem  reduces  to  finding  a  flight 
path  between  Point  C,  at  velocity  Vc  into  the  wind, 
and  Point  D,  at  velocity  Vc  into  the  wind,  (Vc  is 
the  selected  cruise  velocity).  Several  approaches 
to  this  problem  are  shown  in  Figure  30, 

Figure  30B  is  a  one-maneuver  fli^jt  pathx  a 
continuous  turn  of  varying  radius,  Typically,  this 
maneuver  would  be  some  form  of  a  spiral,  which  would 
be  highly  uneconomical  both  timewise  and  fuelwise. 
Moreover,  it  would  be  difficult  to  implement  a  varying 
radius  turn  with  sufficient  accuracy* 

,  Figure  30C  is  a  three-maneuver  flight  patht  two 

180-degree  constant  raclus  turns  (radius  r  depends 
upon  location  of  B  with  respect  to  A),  and  one  straight 
flight.  This  would  be  much  easier  to  implement,  but 
it  has  several  distinct  disadvantages.  If  B  is  nearly 
upwind  of  A,  r  becomes  smaller  than  the  turning 
capabilities  of  the  vehicle.  If  B  is  essentially 
crosswind  from  A,  r  approaches  AB/2  and  the  distance 
traveled  while  turning  becomes  77^AB/2  ■  1,57  ABj  when 
the  straight  flight  distances  (2a  +  2b)  are  added  to 
this,  the  total  distance  traveled  can  easily  become 
greater  than  twice  AB,  Since  turning  is  a  time-consuming 
maneuver,  and  two  180  degree  turns  must  be  made,  this 
flight  path  will  not  be  suitable  from  considerations 
of  time  and  fuel. 

The  flight  path  of  Figure  30D  is  a  modification 
of  Figure  30C,  A  fixed  turn  radius,  r^,  is  used  for 
all  flights.  The  angle  through  which  the  vehicle  turns 
is  kept  to  a  minimum  for  a  particular  value  of  This 


! 
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will  in  effect  minimize  the  time  required  for  the 
flight,  the  distance  traveled,  and  the  fuel  consumption 
for  a  particular  set  of  values,  a,  b,  rQ*  Further 
optimization  involves  a  tradeoff  between  time  required 
and  fuel  consumption,  the  tradeoff  being  realized  by- 
adjustment  of  a,  b,  and  r^,  subject  to  the  vehicle 
operating  limitations* 

Typically,  this  flight  will  require  one  CW  and 
one  CCW  turn,  eacli  of  less  than  180  degrees*  For  the 
case  when  B'  is  nearly  upwind  of  A,  this  technique 
is  valid,  but  requires  either  two  OT  or  two  COT  turns 
of  close  to  180  degrees*  (The  direction  of  the  turns 
depends  on  whether  15  is  displaced  from  the  wind  vector, 
in  a  clockwise  or  counterclockwise  sense.) 

Flight  paths  involving  three  or  more  turns  must 
necessarily  require  more  time,  distance  traveled,  fuel, 
computation,  and  complexity  of  implementation,  and 
would  not  represent  an  optimal  choice. 

On  the  basis  of  these  considerations,  the  path 
of  Figure  30D  was  selected  as  the  Dunk  Point-to-Dunk 
Point  Flight  Path. 

3*3 -U.S  Base -to -First  Dunk  Point  Flight  Path 

The  Base-to-First  Dunk  Point  Flight  Path  is 
derived  from  roughly  the  same  format  as  the  Dunk  Point- 
to  Dunk  Point  Flight  Path*  The  prime  difference  is 
that  the  pilot  must  perform  a  manual  takeoff  from  the 
base,  bring  the  vehicle  up  to  cruise  speed  and  altitude, 
and  engage  the  FPC.  (The  reason  for  this  is  explained 
in  Section  3*3.i|*li.)  The  initial  act  of  the  FPC  is  to 
turn  the  vehicle  toward  the  first  dunk  point.  Again, 
the  transition  to  hover  over  the  first  dunk  point  must 
be  performed  into  the  wind.  Thus,  Figure  31A‘ illustrates 
the  requirements  of  the  flight  path.  Figure  31B  shows 
the  two  cases  encountered  in  practice.  In  each  case 
only  two  txirns  are  required. 

3*3.U*3  Pilot  Options 

Flight  paths  required  for  automatic  flights  initiated 
by  pilot  options  can  be  made  to  correspond  to  either 
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(A) 


(B) 


(C) 

Figure  31 

Base-To-First  Dunk  Point  Flight  Path 
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(3*3.i^.l)  or  (3. 3*1;. 2)*  If  the  option  is  initiated 
while  the  vehicle  is  in  a  hover,  (3.3.il*l)  will  suffice* 
For  exercising  options  while  in  the  cruise  mode,  the 
initial  FPC  action  will  be  to  turn  the  vehicle  toward 
the  pilot-selected  point,  whereupon  the  scheme  of 
(3.3*1;*2)  will  be  applicable. 

U.U  Wind  Computations 

As  can  be  seen  from  the  foregoing  discussions, 
the  wind  is  a  key  factor  in  the  specification  of  a 
flight  path.  It  would  be  a  gross  oversimplification 
to  assume  that  the  wind  would  remain  a  constant  in 
magnitude  and  direction  throughout  an  entire  ASW  mission. 
However,  this  should  be  a  reasonable  assumption  for  any 
single  dunk  point-to-dunk  point  flight.  At  the  start 
of  the  mission,  the  vehicle  is  essentially  without 
information  as  to  the  wind  magnitude  and  direction. 

This  necessitates  the  manual  takeoff  at  the  start  of  the 
mission.  During  the  straight  flight  toward  the  first 
dunk  point,  average  values  of  the  wind  components  are 
calculated  and  the  rest  of  the  base-to-first  dunk  point 
flight  may  then  be  calculated.  Wiile  in  hover  at  the 
first  dunk  point,  the  same  wind  values  are  used  to 
compute  the  path  to  the  second  dunk  point.  On  the 
straight  segment  of  the  flight  toward  the  second  dunk 
point,  average  wind  values  are  computed  to  be  used 
on  the  next  dunk  point-to-dunk  point-  flight. 

Obviously  this  is  not  the  best  way  of  treating 
the  wind,  yet  several  factors  make  it  necessary.  For 
the  optimal  flight  path  chosen,  all  calculations  must 
be  made  at  the  start  of  the  dunk  point-to-dunk  point 
flight,  while  the  vehicle  is  in  a  hover.  (This  necess¬ 
itates  the  assumption  that  the  wind  remains  constant 
throughout  the  flight  from  one  point  to  the  next,  but 
also  introduces  a  certain  amount  of  symmetry  into  the 
path,  greatly  reducing  the  number  of  computations 
required.)  Since  the  vehicle’s  airspeed  sensors  do 
not  function  in  a  hover,  the  wind  must  be  pre-calculated 
on  the  straight  segment  of  flight  toward  the  dunk  point 
over  which  the  flight  path  calculations  will  be  made. 
Thus,  the  wind  values  unavoidably  lag  one  flight  segment 
behind. 
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Another  ramification  of  this  is  that  the  vehicle 
may  transition  to  hover  along  one  calculated  wind  vector, 
yet  leave  the  hover  on  another  calculated  wind  vector. 
This  should  present  ho  problem,  since  hovering  turns 
of  up  to  2I4  deg/sec  are  permitted. 

There  is  an  alternative  solution  to  this  problem: 
all  flights  cah  be  treated  like  the  flight  to  the  first 
d’onk  point.  In  this  case,  the  vehicle  would  leave  a 
hover  on  the  same  calculated  wind  vector  on  which  it 
performed  the  transition  to  hover.  It  would  then  turn 
toward  the  next  dunk  point  and,  on  the  straight  flight 
toward  that  point,  calculate  a  new  set  of  average  wind 
‘'  ‘values.  Next,  it  would  calculate  the  rest  of  the  flight 
path  to  the  next  dunk  point  in  the  manner  of  Section 

using  the  newly  calculated  wind  values.  In 
general,  this  is  a  five -maneuver  flight  path:  three 
turns  and  two  straight  flights.  It  would  require  more 
computation  than  the  method  of  Section  (3«3.U*l)  and 
more  complex  implementation.  The  flight  time,  distance 
traveled,  and  fuel  consumption  would  also  increase. 

Ihe  fact  that  any  flight  path  chosen  requires  the 
prediction  of  the  wind  at  the  next  dunk  point  makes 
the  flight  with  the  least  number  of  maneuvers,  (3.3.1|*1), 
the  best  compromise. 

The  data  required  for  the  wind  computations’  are: 

Vg^  and  the  groundspeed  velocities  the  heading 
or  yaw  angle;  and  the  true  airspeed. 

The  components  of  the  instantaneous  wind  velocity 
(see  Figure  32)  are: 

I'  n  «  vEF  -  cos  ')^ 

le  -  VEF  .  Vtas  sln'f 
and  1^1 
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If  these  quantities  are  computed  k  times,  the  average 
values  are  given  hyi 

Wn  -1  k 

K  Fl 

5e  -  1  ^ 

K  J=1 


Since  the  wind  components  are  used  for  the  purpose 
of  generating  the  sine  and  consine  of  the  wind  angle, 
the  average  magnitude  must  be  defined  ast 


3.3.5 


For  a  wind  angle,  measured  clockwise  from  Norths 
cos  ^  =  3n  ^ 

ITI  in 

Dunk  Pattern  for  Flight  Test  Purposes 

The  pattern  of  Figure  33  was  selected  for  flight 
test  purposes#  The  range  between  dunk  points,  R,  is 
a  constant,  ^000  yards  or  greater*  If  the  prevailing 
winds  throughout  the  mission  remain- in  one  general 
direction,  this  pattern  should  present  the  most  varied 
set  of  wind  conditions  with  respect  to  the  bearing 
from  each  dunk  point  to  the  next,  and  should  bring 
about  all  the  variations  in  the  flight  path  of  Section 
(3«3.ii*l)j  i.e*  the  four  different  sequences  of  turning 
maneuvers  I  Of-CW,  CCW-CW,  CW-CW,  and  CCW-CCW. 

Flight  Path  Calculations 

All  flight  path  calculations  will  be  referenced 
to  an  earth«-fixed  east-north  grid,  whose  origin  is  at 
some  longitude  and  latitude,  Eorig,  Norig. 
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Flight  Test  Dunk  Pattern 

Table  8  gives  the  necessary  computations  to 
genera t©^  the  desired  pattern  about  some  datum  point, 
(®o>  *^o)  • 

TABLE  8. 

Dunk  Point  (k)  ®dk  ^dk 


Datum 

eo 

no 

1 

®o. 

no 

2 

Sq+R 

no 

3 

eQ+1.866o5R 

Dq-O.^R 

h 

eo+2.366o5R 

no-1.366o5R 

5 

eo+2.36603R 

no-2.366o5R 

6 

Sq+I. 866o5R 

no-3.23210R 

7 

©o+R 

no-3.73210R 

8 

®o 

no-3.73210R 

9 

eo-0.86605R 

no-3.23210R 

10 

eo-1.3660^R 

nQ-2.36605R 

11 

eo-1.3660^R 

no-1.366o^R 

12 

eo“0.866G5R 

no-0.5R 

13 

®o 

^0 

Dunk  Point-to  Dunk  Point  Flight  Path 

As  will  be  shown  in  Section  (3.3.6.1,1),  knowledge 
of  only  four  points  is  required  to  realize  the  flight 
path*  (See  Figure  3li.)  While  the  vehicle  is  hovering 
over  dunk  point  edi^  it  will  most  likely  be  drifting 
with  the  water  current  and  will  not  be  located  at  the 
calculated  value  of  edk*  Thus,  the  present  position 
at  the  start  of  the  calculations,  (ej^,  n^)  must  be 
used.  The  point  (eg,  n^)  which  marks  the  end  of  the 
transition  to  cruise  must  be  known,  as  well  as  the 
point  (ex,  nx)  idiere  the  vehicle  starts  to  turn  to¬ 
ward  the  next  dunk  point.  Finally,  the  coordinates 
of  the  next  dunk  point,  ^Djc+i)  "  (®D>  hd) 

must  be  obtained  from  Table  8. 

The  calculations  for  the  two  cases  of  Section 
(3*3*l|.l)  are  greatly  simplified  if  they  are  carried 
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out  in  an  (x,  y)  coordinate  system,  centered  on 
(®h>  *^h)  ^th  the  y  axis  in  the  direction  of  the  wind* 
(x,  y)  coordinates  will  use  the  same  subscripts  as 
the  corresponding  (e,  n)  coordinates.  The  computations 
are  caarried  out  in  the  following  order  i 


(1)  XD  =  CeD  -  eh)  cos  Iw  -  (nD  -  nh)  sin  fw 

(2)  yD  =  (ej)  -  e^)  sin  +  (dq  -  n^)  cos 
Case  It 

Tq,  or  fxQ|<2  r^,  (yp  +  a  +  b)<0 
(3a)  D  -  2  r~o]2~+  (yD  +  a  +  b)2' 

(Ua)  XT  -  sgn  xd{(  (xd(  -  r^)-  2  r^^  _  gp  ) 

"Bg  "  '  ^  ° 

(yD  +  a  +  b)  -  k  'J 

(5a)  yT  =  (yD  +  b)  -  2  rp2  (yj3  +.  ^  +  tj)  . 

+ro  ( |xp|  ..  2  To )  p'TkTJ' 


or 

Case  II ! 

I^dI  ^  2  ro,  (yjj  +  a  +  b)  >  0 

X3b)  D  -  J\xjf  +  (yj)  +  a  +  b)2  ' 

(Ub)  XT  -  Sgn  xd  £(  Jxd/  -  Tq)  +  Tq  (y^  +  a  +  b)} 

D 

(5b)  y-T  -  (yD  +  b)  -  ro  |xp| 

(6)  Xa  -  0 
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} 

] 

I 


I 

I 

(7)  ya  “  1 

(8)  eg 

(9)  Ha 

(10)  ex 

(11)  nx 

Equations  (8)  -  (11) >  together  with  the  determina¬ 
tion  of  (ehi  nh)  from  the  navigation  system  and  (eD^  no) 
from  toe  du^  pattern  computations,  constitute  the  four 
required  points. 

3*3.5*3  Base-tO" First  Dunk  Point  Flight  Path 

Again  knowledge  of  four  points  is  requied  to 
realize  the  flight  path  (See  Figure  35)'  Point  A  of 
Figure  31,  which  will  be  called  (e^,  nj^).  (Actually, 
any  point  on  the  line  IB"  will  suffice,  and  the  actual 
(ei,  ni)  used  will  be  the  present  position  of  the 
vehicle  on  toe  line  AB  when  the  calculations  are 
begun);  the  first  dunk  point  (epi,  npi)  *  (ep,  np); 
and  the  points  (eg,  ng)  and  (e^,  nj)  of  Figure  35* 

The  calculations  for  the  cases  of  Section 
(3.3.U*2)  are  greatly  simplified  if  they  are  carried 
out  in  an  (x,  y)  coordinate  system,  centered  on  (eD, 
no)  with  the  y  axis  in  the  direction  of  line^][^  of 
Figure  31,  or  the  direction  (^D>  (^>  y*) 

coordinates  will  use  the  same  subscripts  as  the 
corresponding  (e,  n)  coordinates.  The  computations  will 
be  cabled  out  in  the  following  order? 


(2) 


(3) 

(U) 
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ax  “  _ e  i  ~e  D/ 

->/(®i  •  ep)2  +  (iii  +  nj))^ 

a2  -  (^i  -  Pp) _ 

-/  (e^  -  ej))2  *  -  nD)2 

0]^  “  sin  *  ®2  if 

C2  “  .2  3in  «  8]^  cos 


-  -  a  sin 

=  %  -  a  cos 

=  Sh  +  XT  cos  +  YT  sin 
.  =  %  -  XT  sin  |„  +  yT 
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Case  It 

(5)  Xg  -  0 

(6)  Yg  ~  +  ro(2  +  |C2| ) 

(7)  XT  ”  Ogn  g2  lc2l  ~  ^V'lj 

(8)  yT  "  ys  - 

or 

Case  II: 


(c2l<_2bro^  ,  ci>0 
b2+ro^ 


(9) 

V  - 

Sgn  C2 

{h  IC2I  -  r 

o®l} 

(10) 

¥  - 

bci  + 

rolc2l 

(11) 

xs 

»  0 

(12) 

Yg 

-  w 

0 

ro 

I: 

0 

(sgn  C2)vj 

(13) 

XT 

-  i  sgi: 

1  C2[b  |C2| 

+  rod-O]^)] 

(Hi) 

yT 

-  k  (Yg 

+  ¥) 

(1^) 

Ss 

-  ep  + 

ysai 

(16) 

ha 

-  np  + 

78^2 

(17) 

eT 

-  ep  + 

y-rai  +Xt^2 

(18) 

nfp 

-  njj  + 

yTa2  -  3G,  ®i 

Equations  (l5)  -  (18),  together  with  the  value  of 
(e^,  nj^)  from  the  navigation  system,  and  (em,  nm) 
from  dunk  pattern  computations,  constitute  the  four 
required  points  to  realize  the  flight  path. 
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3.3-5.1i 


3.3*6 
3*3. 6.1 


3*3. 6. 1.1 


Pilot  Options 

By  substituting  the  pilot-selected  point  for 
(®D>  *^d)>  ‘Optional  flight,  starting  from  either 
hover  or  cruise  mode  can  be  realized  by  use  of  the 
computations  in  Section  (3-3*3. 2)  or  (3*3. 3*3). 

Notet  If  a  negative  number  should  appear  under  the 
radical  sign  in  Section  (3. 3*3*2),  Equation  (3a), 
it  means  that  there  is  not  sufficient  maneuvering 
room  to  realize  the  pattern  (i.e*  the  two  turn  circles 
overlap),  and  that  the  dunk  point  must  be  rejected  in 
favor  of  the  next  successive  one*  Also,  the  pattern 
for  Section  (3*3*3.3)  must  be  calculated  at  a  time 
when  y^yg,  in  order  that  the  pattern  maybe  realizable. 
Case  II  of  Section  (3*3*3*2)  will  always  be  realizable* 

Derivations  of  the  flight  path  equations  appear 
in  Appendix  3*3.1* 

Flight  Path  Implementation 

Command  Sequences  and  Associated  Computations 

Sequence  of  Commands  -  Dunk  Point-to-Dunk  Point  Plight  Path 

For  the  dunk  point-to-dunk  point  flight  path,  the 
commands  will  be  issued  in  the  following  order: 

(a)  Transistion  to  cruise j  home  on  (e^^  Hg)# 

Track  to  (eg^,  ng)* 

(b)  Home  on  (ej,  n^);  track  to  (ex,  nx)* 

(c)  Home  on  (ej),  np);  track  to  a  distance  b 
from  (ep,  np). 

(d)  Transition  to  hover;  home  on  (ep,  np) ;  track 
to  (ep,  np). 

As  a  result  of  these  commands: 


!•  The  vehicle  will  accelerate  to  cruise  velocity, 
Vq,  and  climb  to  cruise  altitude,  h^.  The 
homing  command  will  keep  the  vehicle  headed  into 
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the  calculated  wind  vector*  Initial  alignment 
with  the  wind  vector  will  be  accomplished  by- 
means  of  a  hovering  turn^  using  only  the  yaw 
channel*  The  tracking  computation  will  mark  the 
end  of  the  transition. 

2.  The  homing  command  will  turn  the  vehicle  to  the 
proper  heading  to  fly  it  to  (eT,  n;!?).  If  the 
heading  error, S^err,  is  greater  than  10  degrees, 
the  command  will  result  in  a  coordinated  turn  of 
radius  Tq,  terminating,  at  the  proper  heading. 

If  the  heading  error  is  less  than  10  degrees, 
the  vehicle  will  be  yawed  to  the  proper  heading. 

The  tracking  computation  will  terminate  the 
maneuver  at  (e^,  n^). 

3.  The  homing  command  will  perform  the  same  function 
as  in  (b).  The  tracking  computation  will  terminate 
the  maneuver  at  a  distance  b  from  (eD,  nD). 

U.  The  vehicle  will  decelerate  to  zero  velocity 
(Vhov)>  descend  to  hover  altitude,  h^^^) . 

The  homing  command  will  trim  out  the  coordinated 
(or  yawed)  turn  of  (c),  heading  the  vehicle 
toward  the  dunk  point  (ep,  np) ;  if  the  vehicle  was 
on  track  at  (eT,  ut),  the  resulting  heading 
should  correspond  to  the  calculated  wind  vector. 

Errors  resulting  from  missing  the  calculated 
track  at  (eT,  ht)  will  be  discussed  in  Section 
(3. 3. 6.1.5). 

3. 3. 6. 1.2  Sequence  of  Commands  -  Base-to-First  Dunk  Point  Flight  Path 

This  mode  of  flight  starts  with  the  vehicle  at 
cruise  velocity  and  altitude.  The  order  of  commands 
is: 

(a)  Home  on  (ep,  np)  j  track  "^err  to  zero. 

(This  places  the  vehicle  on  the  line  IB' 
of  Figure  2.) 

(b)  €alculate  the  flight  path  to  (ep,  np). 

(c)  Horae  on  (eg,  ng)j  track  to  (eg,  ng). 
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(d)  Home  on  (bt,  ht);  track  to  (eT,  nt).  | 

(e)  Home  on  (ejj,  nj))  j  track  to  a  distance  b  J 

from  (eu,  hd).  i, 

'1 

(f)  Transition  to  hover;  home  on  (ej),  nj));  \ 

track  to  (e]},  nj))* 

The  results  of  commands  (c)  through  (f)  are  discussed  J 

in  the  previous  section*  i 

3.3.6.1.3  Sequence  of  Commands  -  Pilot  Options  I 

For  optional  flights,  initiated  from  hover  or 
cruise,  the  methods  of  the  previous  two  sections  will 
be  used,  with  the  pilot-selected  point  substituted 
for  (bq,  Hq). 

3*3*6.1*U  Associated  Computations 

There  are  two  computations  associated  with  these 
commands;  one  is  required  for  tracking  to  a  point, 
and  the  other  for  the  heading  error.  For  tracking 
to  a  distance  d  from  a  point  (ej,  nO,  the  quantity  T 
must  be  reduced  to  an  arbitrarily  small  value,({'  •  T 
is  defined  as: 

T  -  y(ep-ep2  ^  (np-nj)2  -  d, 

where  (ep,  np)  are  the  present  position  corrdinates  of 
the  vehicle.  The  heading  error, 'Yerr,  is  defined  by 
the  equation: 

sine  'Yerr  ■  g2^h2  -  g2h]_ 

where : 

. . ,  82  “  Vn _  I 


h2  - 

y(nj-np)^  +  (ej-Bp)^ 


andt 


hi 


♦  (nj-np)2 
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In  the  limit  as  ^err  -- — ^  0,  sin  ^ 

^err  — 0.  Again  the  actual  tracking  will  be  to 
some  arbitrarily  small  value, 8 •  (The  tracking  of 
'Y^err  is  used  only  on  the  flight  to  the  first  dunk 
point,  before  wind  values  have  been  calculated. 

Although  called  a  heading  error,  it  is  actually  a 
bearing  error,  and  satisfying  the  relationship  ^err 

_ ^  0  will  induce  a  crab  angle  in  the  vehicle. 

When  the  wind  values  are  calculated  and  the  system 
changes  over  to  true  heading  commands,  no  transient 
heading  commands  should  result,  since  the  vehicle  will 
still  be  traveling  along  line  AB  of  Figure  31,  and  the 
analog  circuitry  will  command  the  same  crab  angle  as 
was  previously  flown.) 

3. 3. 6. 1.5  Flight  Path  Errors 

Transitions  to  hover  are  always  initiated  at  a 
distance  b  from  the  dunk  point,  while  homing  on  the 
dunk  point*  Since  b  is  the  distance  required  for 
the  transition,  the  position  error  at  the  dunk  point 
should  be  negligible,  amounting  to  the  difference 
between  the  arc  length  of  the  final  heading  correction 
at  the  start  of  the  transition  and  its  chord.  This 
correction  will  be  a  large  radius  (yawed)  turn  of  less 
than  10  degrees  in  most  cases,  so  that  the  difference 
between  arc  length  and  chord  will  be  negligible. 

The  only  error  that  need  be  considered  is  the 
angular  deviation  from  the  calculated  wind  vector  at 
the  dunk  point*  This  error  arises  from  two  sources: 
passing  through  (eT,  nx)  on  an  incorrect  heading, 
and  the  inability  to  hold  to  a  constant  turn  radius, 

Tq.  The  analytical  expression  for  the  error  is  rather 
complex  in  form,  and  affords  little  insight  to  the 
magnitude  of  the  error.  However,  with  suitable 
assumptions  and  approximations,  it  is  possible  to 
develop  simpler  expression  for  the  bounding  value 
of  the  error.  With  reference  to  Figure  36,  if  the 
vehicle  flies  the  correct  track  a-a*  and  turns  with 
radius  r^,  the  wind  error,  will  be  zero.  However, 

if  there  is  a  heading  error,  fSj  such  that  the  vehicle 
flies  the  track  c-c^  to  (ex,  nx)  and  then  turns  with 
a  radius  r  /  Tq,  there  will  be  a  wind  error  ^  J,  such 
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that,  for  small  values  of  0: 

AI  max  “  ^ 

Since  b  will  be  greater  than  r^,  this  will  amount  to 
a  reduction,  of  the  original  error  at  (e^p,  nij). 

This  simplified  form  carries  one  assumption  with 
it.  Let  the  wind  be  constant  in  direction  only.  During 
the  flight  toward  (e^,  n^)  let  the  magnitude  increase 
above  its  pre-calculated  value.  This  will  cause  an 
error  0  in  the  direction  shown  in  Figure  36,  and  an 
associated  error,  •  However,  this  stronger  wind 

will  tend  to  increase  the  turn  radius  to  a  value  larger 
than  r  ,  and  this  will  tend  to  diminish  the  error, 

Af  •  Hence,  if  we  make  the  assumption  that  the  primary 
source  of  error  in  the  turn  radius  is  the  wind,  then 
that  portion  of  the  error  caused  by  0,  or  the  value  of 

max  previously  given. 

The  derivation  of  the  error  expression  and  its 
bounding  valiae  is  presented  in  Appendix  3.2. 

3. 3*6.2  Definition  of  Maneuvers 

3*3. 6. 2.1  Transition  to  Hover;  Transition  to  Cruise 

As  a  part  of  the  programmed  flight  path,  the 
vehicle  is  required  to  perform  smooth  transitions 
between  the  cruise  mode  at  groundspeed  and  altitude 
he,  and  the  hover  mode  at  zero  groundspeed  and  altitude 
hhov*  transition  time,  tjQ,  should  be  kept  as 

small  as  possible.  The  transition  distance  should 
be  repeatable  for  any  particular  set  of  parameters 

Vcj  he,  h||^Qy. 

Both  the  transition  to  cruise  and  hover  will  be 
performed  along  the  same  altitude -velocity  pro'file 
(Figure  37)*  The  profile  equation  is: 

V 

^  *  ^hov  ^  (^c  “  ^hov) 
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From  this  equation,  it  is  apparent  that  the  vertical 
velocity  is  proportional  to  the  longitudinal  accelera¬ 
tion;  and  that,  for  constant  longitudinal  acceleration, 
there  is  no  vertical  acceleration*  For  this  profile, 
and  for  pitch  angles  of  less  than  10  degrees,  the 
ground  track  longitudinal  acceleration  and  velocity 
may  be  specified  by  a^  and  of  the  inertial  measurement 
unit  to  within  2%. 

Thus,  the  requii^ements  for  the  transitions  may 
be  met  by  commanding  a  constant  acceleration  or 
deceleration,  ^  Sq,  as  measured  by  the  X  accelerometer, 
as  long  as  the  velocity  error  is  greater  than  some 
arbitrarily  small  value  VEq  knots).  >?hen  the 

velocity  error  gets  below  the  transition  will 

be  faded  out  by  commanding  an  acceleration  or  deceleration 
proportional  to  the  velocity  error,  Vg*  The  altitude 
command  would  be  slaved  to  the  measOTed  forward  speed 
through  analog  circuitry,  which  would  generate  the 
profile  equation.  To  be  more  specific,  a  transition 
to  cruise  would  be  initiated  by  command  V^,  The  initially 
large  velocity  error  would  effect  a  constant  accelera¬ 
tion,  Hq,  until  the  velocity  reaches  (Vc  -  Vfo),  at 
which  point  the  acceleration  command  would  proportionally 
fade  out  (acomm  “  S-o  )•  The  transition  to  hover 

would  be  initiated  by  commanding  zero  groundspeed  (V,  ), 

and  would  be  carried  out  at  a  constant  deceleration,  -ao. 

The  time  required  for  a  transition  of  this  type  ist 
■tD  *  ’'^cAo 

and  the  transition  distance  is: 

a  -  b  -  1/2  t^^  =  ^iAaQ- 

A  nominal  acceleration  of  t  2  knots/sec  was 
chosen  for  this  system,  since  it  results  in  a  suitable 
range  of  transition  times,  distances,  and  vertical 
velocities t 
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VALUES  FOR  A  TTPICAL  ASW  MISSION 


^0 

Vc 

^ov 

a  =  b 

Vz 

+  Kt/sec 

6o  kt 

200  ft 

ho  ft 

30  sec 

^10  yda 

320  fpm 

+  Kt/sec 

80  kt 

200  ft 

Uo  ft 

1;0  sec 

900  yds 

2l|0  fpm 

+  Kt/sec 

100  kt 

200  ft 

liO  ft 

sec 

lUlO  yds 

192  fpm 

There  are  several  advantages  'of  this  method 
of  performing  transitions.  By  controlling  acceleration, 
it  is  possible  to  accurately  predict  both  transition 
time  and  distance;  this  cannot  be  done  in  the  existing 
ASE  transition  since  only  zero  groundspeed  and  h^Q^ 
are  commanded,  and  there  is  no  attempt  made  to  program 
the  velocity  vs.  time;  hence,  the  transition  time  and 
distance  can  be  neither  controlled  nor  predicted 
accurately.  This  method  also  eliminates  the  need  of 
entering  the  transition  to  hover  at  a  particular  gate 
point  (e.g.  60  knots  and  1^0  feet).  Finally,  the 
acceleration  may  change  much  faster  than  either  velocity 
or  position.  This  allows  a  much  tighter  control  loop, 
and  greater  position  accuracy,  since  any  acceleration 
errors  must  be  integrated  twice  before  they  produce 
position  errors* 


This  method  is  not  exceptionally  difficult  to 
implement,  since  there  are  points  in  the  ASE,  into 
which  it  is  convenient  to  put  the  necessary  acceleration, 
velocity,  and  altitude  commands.  The  ASE  Basic  Channels 
will  be  used  to  provide  incremental  dynamic  stability 
about  the  slowly  varying  transition  profile  commands. 

Let  us  assume  that,  with  the  ASE  functioning,  the 
vehicle's  altitude  response  may  be  represented  by  some 
equivalent  second  order  transfer  functions 


H(s)  “  Hcomm(S) 


Wh2 _ 

s2+2|’l%S+Wn2 
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The  transition  profile  altitude  command  is  given  by 
a  ramp.  For  the  purpose  of  mathematical  simplicity 
let  us  assume  that: 


-6 


Therefore: 


Hcomrr)(S)  =  ^(l~  ^ 


and: 


u,  ^  h£L,i> _ 


a)h 


~k 


uJn 


-77 '  ( 


Thus: 


R"'' 


(jUi, 


(JJ 


If  we  assume  that  the  transient  response  dies  out 
before  t  then  the  response  may  be  represented 

by  Figure  38*  For  a  well  damped  system,  it  consists 
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primarily  of  a  time  lag  of 


2^  seconds  in  altitude. 


3 . 3 • 6 . 2 . 2  Co  or dina  te  d  Turns 


A  coordinated  turn  is  one  in  which  all  the  resultant 
forces  are  in  the  direction  of  the  vehicle  Z  axis.  This 
condition  is  represented  in  Figure  39*  ^or  a  coordinated 
tiirnr 

(a)  T  sin  0  *  M  «  M  V^/r^ 

(b)  T  cos  0  “ 

(a)  r  (fe)  "tan  0  «  V^/r^g 


or: 

I'd  "  tan  0 

In  order  to  maintain  a  constant  altitude,  the  lift 
force  must  be: 

T  »  Mg  Jl  +  tan2  0 

Coordinated  turns  will  be  carried  out  by  commanding 
a  fixed  roll  angle,  using  the  ASE  Pitch  and  Collective 
Channels  to  maintain  forward  speed  and  altitude*  Since 
the  command  for  a  coordinated  turn  results  from  a 
heading  error  (law  Channel),  the  roll  angle  command 
will  be  supplied  through  suitable  Yaw-Roll  crosafeed 
circuitry,  which  will  command  the  fixed  roll  angle 
whenever  the  heading  error  is  greater  than  10  degrees, 
and  zero  roll  angle  at  all  other  times.  The  heading 
error  signal  iill  produce  an  error  signal  in  the  Yaw 
Channel  to  assist  in  the  turn.  The  Roll  Channel  Stick 
Trim  circul.try  may  have  to  be  modified  to  provide  a 
smoother  ^roll-in”  and  ••roll-out*’. 


For  this  system,  a  roll  angle  of  26  degrees  was 
chosen^  resulting  in  the  following  values: 
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■Figure  #39 

Coordinated  Turn  Force  Diagram 
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0 

Vc 

^0 

(Turn  Rate) 

25  deg 

60  knots 

232  yds. 

8.6  deg/sec 

25  deg 

80  knots 

1:12  yds. 

6,5  deg/sec 

25  deg 

100  knots 

614:  yds. 

5,2  deg/sec 

It  was  necessary  that  a  substantially  large  roll  angle 
be  used*  Prom  Figure  3h,  Case  I,  we  must  have  D  ^  2rQ 
for  the  pattern  to  be  realizable*  Thus,  there  is  some 
minimum  value  of  R,  the  range  between  dunk  points, 
which  will  produce  this  condition.  If  we  consider  the 
case  when  D  «  2rQ  (the  turn  circles  are  tangent),  then 
the  distance  between  dunk  points,  J^,  is  given  by  the 
expression* 

o(l+G03^  )J^  (a  +  b  +  2ro  sin^ 

H  “Jia  +  b)2  i-  lirQ(a  +  b)  sin^+  8ro^(l+  cosQ) 


and  the  maxiram  value  of  this  expression  is  given  by: 
Jl  max 


-i 


IM.’  0 


tan^*  a  +  b 
2r^ 


or 


-max  »  2r, 


For  a  cruise  velocity  of  100  knots,  where  ■  6kk 
yards,  and  a  ■  b  ■  lltlO  yards: 

;^raax  -  1288  (1  +  Jl  +  (28  20/1288)2  )  »  1:380  yards. 

Thus,  a  minimum  distance  of  1;380  yards  between  dunk 
points  is  required  to  fly  the  pattern  at  100  knots.  Smaller 
roll  angles  would  result  in  an  increase  of  this  distance. 

In  order  to  provide  an  insurance  factor  (approximately 
15^),  the  system  will  be  restricted  to  patterns  in 
which  R  is  5000  yards  or  greater. 
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It  is  apparent  that,  in  the  presence  of  a  wind 
disturbance,  this  method  is  only  an  approximation  to 
a  coordinated  turn  which  describes  a  circle  of  fixed 
radius,  with  respect  to  the  ground*  However,  it 
appears  that  it  will  provide  sufficient  coordination 
and  accuracy  for  this  system*  Roll  angle,  altitude, 
and  groundspeed  will  be  held  constant  at  the  expense 
of  coordination  and  flight  path  accuracy^  however, 
this  appears  to  be  the  best  approximate  method  with 
regard  to  accuracy,  complexity,  and  necessary  implementa¬ 
tion* 


Any  proposed  refinements  of  this  method  should  be 
directed  toward  the  generation  of  a  ^Turn  ^Computer”, 
which  would  provide  simultaneous  control  of  all  five 
axes:  pitch,  roll,  collective,  yaw  and  power  setting. 
This  would  of  necessity  be  a  complex  system,  requiring 
rather  extensive  implementation,  as  it  must  perform  the 
following  functions: 

< — .V 

(a)  Maintain  at  desired  value. 


(b) 


Maintain 


dVc  '  at  desired  value. 


(c)  Maintain  dVc  x  Vq  -  0. 

at- 


(d)  Maintain  at  desired  value. 


(e)  Keep  turn  coordinated  by  commanding  the 
appropriate  interrelation  of  control 
parameters,  such  that  the  lateral  (Y) 
accelerometer  is  maintained  at  a  null. 


This  represents  an  exact  method  of  implementing  coordinated 
turns*  Other  approximate  methods  can  be  generated,  but 
these  in  general  rermire  considerably  more  complexity  and 
implementation  than  the  method  chosen,  and  they  generally 
result  in  a  tradeoff  between  accuracy  of  the  flight  path 
and  coordination  of  the  turn*  They  also  require  accurate 
knowledge  of  the  instantaneous  wind  speed  and  direction. 
Rather  than  attempt  any  of  these  methods,  the  goal  for  a 
more  sophisticated  system  should  be  the  generation  of  a 
^Turn  Computer?* 
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3*3*6.2.3  The  Homing  Maneuver 


The  command  to  home  on  a  point  will  be  generated 
from  a  bearing  command  plus  a  crab  angle  correction. 
It  will  be  a  heading  command  referenced  to  the  MA-1 
Compass  system.  Calculation  of  the  heading  command, 
^omm,  is  illustrated  in  Figure  Uo. 


FIGURE  UO 

Heading  Command  Vector  Diagram 


Using  "the  bearing  to  the  target  point,  and  the 
comiwnded  cruise  velocity,  the  computer  generates  the 
two  quantities  t 
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I 

I 

I  %  =  Vc  cos  ^  -  Jn 

H2  =  sin-f- 

These  signals  will  be  passed  through  D/A  converters 
and  used  to  drive  a  servo-resolver  to  the  shaft  angle, 

^ comm*  The  heading  error  signal  generated  bj 'ycomm 
]  and  the  M-1  Compass  Kill  be  Used  to  actuate  the  Yaw- 

Roll  crossfeed  to  provide  the  coordinated  turn  command, 
and  the  Yaw  Channel  for  heading  hold  capabilities  • 

Although  it  would  be  more  desirable  to  use  bearing 
commands,  it  was  deemed  more  necessary  to  remove  the 
computer  from  the  feedback  path  of  the  dynamic  control 
loop.  Thus,  the  computer  is  used  to  generate  a  heading 
command  rather  than  a  bearing  error.  !Ihe  computer  is  not 
used  as  the  summing  point  for  error  signal  generation; 
however,  the  only  other  vehicle  instrument  suitable  for 
this  application  (the  M-1  Compass)  is  a  heading  indicator. 
Henc63,  the  necessity  of  using  heading  commands.  A  more 
>  refined  system  would  place  the  computer  back  in  the 

feedback  path  by  generating  a  bearing  error  from  the 
-bearing  to  the  target  point  and  the  groundspeed  velocities 
derived  from  the  navigation  section  and  removing  the 
MA-1  compass.  This  will  be  Implemented  on  the  final 
ays  tern. 

3*3*7  Flight  Control  Electronics 

1  3. 3. 7.1  The  Standard  ASE  Package 

The  basic  building  block  of  the  FPC-1  Electronics 
package  will  be  the  Hamilton  Standard  ASE  (Ref.  SK  52213). 
It  is  a  four-axis  unit  (pitch,  roll,  yaw,  collective) 

,  with  basic  channels  for  dynamic  stability  control,  and 

^  coupler  channels  for  such  functions  as  heading  hold, 

'  forward  speed  and  drift  speed  control,  altitude  hold, 

automatic  transition  to  hover,  and  a  cable  angle  and 
'  altitude  mode  for  sonar  dipping.  Briefly,  the  ASE 

operates  as  follows  t 

3. 3* 7 *1.1  Pitch  Channel  Operation 

!;  Automatic  attitude  stabilization  is  maintained 

\ ,  in  the  pitch  attitude  at  all  times  after  pressing  the 

ASE  engage  button  on  the  ASE  control  panel,  \kien  the 
vehicle  is  displaced  from  its  normal  flight  attitude. 
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the  vertical  gyro  feeds  a  signal  proportional  to  the 
fuselage  attitude  with  reference  to  the  horizon  into 
the  pitch  ASE  amplifier  module  contained  in  the  amplifier* 
"Within  the  pitch  ASE  amplifier  module,  this  proportional 
signal  is  fed  in  parallel  paths*  One  path  is  a  straight 
proportional  feed-through  and  the  other  is  fed  to  a 
derived  rate  network*  The  purpose  of  the  derived  rate 
network  is  to  determine  the  rate  at  which  the  vehicle 
has  been  displaced*  At  the  output  of  the  derived 
rate  network,  the  proportional  feed-through  and  derived 
rate  signals  are  mixed  and  compared  to  the  proportional 
signal  developed  by  the  position  sensor*  The  position 
senior  is  phased  oppositely  to  the  vertical  gyro  signal 
and  will  cancel  the  vertical  gyro  signal  when  the  vehicle 
is  at  the  selected  attitude  as  reflected  by  the  position 
of  the  cyclic  pitch  control  stick*  The  resultant  rate 
plus  proportional  signal  is  the  attitude  error  signal. 

This  attitude  error  signal  is  amplified  and  demodulated 
to  provide  an  output  to  excite  a  solenoid  of  the  pitch 
servo  valve.  As  the  servo  valve  corrects  the  attitude 
error  through  the  auxiliary  power  piston,  primary  servo, 
and  rotary  wings,  the  attitude  error  signal  diminishes* 

When  the  vehicle  is  repositioned  to  its  original  attitude, 
the  vertical  gyro  output  signal  is  returned  to  its  original 
value  * 


While  ASE  is  engaged,  the  coupler  may  be  engaged  by 
pressing  the  CPIE  engage  button  on  the  ASE  control  panel* 
Inuring  coupler  operation  of  the  pitch  channel,  one  of 
two  modes  may  be  used,  doppler  or  cable  angle*  J^uring 
the  doppler  mode,  the  coupler  will  seek  and  retain 
selected  fore-and-aft  speeds  during  automatic  cruise 
flight  and  automatic  transition  from  forward  flight  to 
a  hover  over  the  sonar  transducer.  This  is  accomplished 
by  placing  the  CIG  CPLd  switch  on  the  ASE  control  panel 
in  the^SOPP  position*  During  this  mode,  the  pitch 
(velocity  heading)  actual  ground  speed  signal  from  the 
radar  navigation  set  is  compared  with  the  selected  signal 
established  by  the  SPEED  control  on  the  ASE  control  panel* 
Any  difference  between  these  signals  is  the  error  signal* 
This  error  signal  is  fed  to  the  pitch  coupler  integrator 
module  as  the  proportional  doppler  error  signal*  There¬ 
fore,  this  error  signal  represents  the  proportion  that 
the  vehicle  has  been  displaced  from  its  preselected 
groundspeed*  The  proportional  doppler  error  signal  splits 
and  a  portion  is  fed  through  the  integrator  limiter  circuit 
to  the  integrator  amplifier  circuit  to  provide  the  system 
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with  zero  steady  state  error.  The  integral  signal 
output  of  the  integrator  amplifier  circuit  is  added 
to  the  other  portion  of  proportional  doppler  ^rror 
signal,  and  the  resultant  proportional  doppler  error 
plus  integral  signal  is  transformer  coupled  to  an  output 
fade-in  and,  amplifier-limiter  circuit  in  the  pitch 
coupler  amplifier  module.  During  the  doppler  mode, 
an  accelerometer  develops  a  signal  proportional  to 
the  acceleration  of  the  vehicle.  Prior  to  the  output 
fade-in  and  amplifier-limiter  circuit;,  the  output 
signal  from  the  accelerometer  is  added  to  the  proportional 
doppler  error  plus  integral  signal,  providing  a  large 
correction  signal  proportional  to  acceleration.  The 
output  fade-in  circuit  provides  for  a  smooth  initial 
build-up  of  the  signal  to  avoid  any  abrupt  vehicle 
jump  due  to  possible  large  existing  errors  when  the 
coupler  is  engaged,,  The  signal  from  the  output  fade-in 
circuits  is  coupled  to  a  standard  amplifier  and  output 
limiter  circuit.  This  circuit  amplifies  and  limits 
the  output  signal  to  a  level  approximately  3/h  the  total 
authority  of  ASE,  The  coupler  output  attitude  error 
.signal  is  coupled  to  a  stick  trim,  actuator  circuit  which 
excites  a  solenoid  of  the  pitch  stick  trim  valve  to 
automatically  reposition  the  cyclic  pitch  control  stick, 
extending  the  authority  of  the  pitch  channel.  The 
coupler  output  attitude  error  signal  is  also  coupled 
to  the  pitch  ASE  amplifier  module.  In  the  ASE  amplifier 
module,  the  coupler  attitude  limiter  circuit,  the  output 
signal  from  the  accelerometer  error,  signal  is  processed 
in  a  similar  manner  as  the  basic  ASE  attitude  error  sig¬ 
nal. 


During  the  cable  angle  mode,  the  coupler  will 
laaintain  the  sonar  cable  perpendicular  to  the  horizon, 
Ihis  is  accomplished  by  placing  the  CYG.CPIil  switch  on 
the  ASE  control  panel  in  the  CABLE  ANGLE  position. 

During  this  mode,  the  sonar  detecting -ranging  set 
develops  a  signal  which  is  proportional  to  the  angle 
of  the  sonar  cable,  relative  to  the  floor  of  the  vehicle. 
This  signal  is  compared  wi'th  the  vertical  gyro  signal 
in  the  p±t oh  coupler  integrator  module.  Any  difference 
between  these  signals  is  the  error  signal.  This  error 
signal  is  fed  to  the  pitch  coupler  integrator  module  as 
a  proportional  cable  angle  error  signal.  Therefore, 
this  error  signal  represents  the  proportion  that  the 
sonar  cable  has  been  displaced  from  true  vertical. 
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The  proportional  cable  angle  error  signal  is  processed 
in  a  similar  manner  as  the  proportional  doppler  error 
signal^  including  the  operation  of  the  integrator 
amplifier  accelerometer  and  stick  trim  actuator  circuits. 

3.3- 7*1.2  Roll  Channel  Operation 

Automatic  attitude  stabilization  is  maintained  in 
the  roll  attitude  at  all  times  after  pressing  the 
ASE  engage  button  on  the  ASE  control  panel.  When  the 
vehicle  is  displaced  from  its  normal  flight  attitude, 
the  vertical  reference  feeds  a  signal  proportional 
to  the  fuselage  attitude  vith  reference  to  the  horizon 
into  the  roll  ASE,  amplifier  module  contained  in  the 
amplifier.  Within  the  roll  ASE  amplifier  module,  this 
proportional  signal  is  fed  in  parallel  paths.  One  path 
is  a  straight  proportional  feed-through  and  the  other 
is  fed  to  a  derived  rate  network.  The  purpose  of  the  . 
derived  rate  network  is  to  determine  the  rate  at  which 
the  vehicle  has  been  displaced.  At  the  output  of  the 
derived  rate  network,  the  proportional  feed-through 
and  derived  rate  signals  are  mixed,  and  compared  to 
the  proportional  signal  developed  by  the  position 
sensor.  The  proportional  signal  developed  by  the 
position  sensor  is  lagged  approximately  one  second 
in  the  dual  channel  lag  amplifier.  The  position  sensor 
signal  is  phased  oppositely  to  the  vertical  reference 
signal  and  will  cancel  the  vertical  gyro  signal  when 
the  vehicle  is  at  the  selected  attitude  as  reflected 
by  the  position  of  the  cyclic  pitch  control  stick. 

The  resultant  rate  plus  proportional  signal  is  the 
attitude  error  signal.  This  attitude  error  signal 
is  amplified  and  demodulated  to  provide  an  output 
to  excite  a  solenoid  of  the  roll  servo  valve.  As 
the  servo  valve  corrects  the  attitude  error  through 
the  auxiliary  power  piston,  primary  servo,  and  rotary 
wings,  the  attitude  error  signal  diminishes.  When  the 
vehicle  is  repositioned  to  its  original  attitude,  the 
vertical  gyro  output  signal  is  returned  to  its  original 
value.  While  ASE  is  engaged,  the  coupler  may  be  engaged 
by  pressing  the  CPLR  engage  button  on  the  ASE  control 
panel.  During  coupler  operation  of  the  roll  channel, 
one  of  two  modes  may  be  used,  doppler  or  cable  angle. 
During  the  doppler  mode,,  the  coupler  will  seek  and  retain 
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selected  lateral  drift  speeds  during  automatic  cruise 
flight  and  automatic  transition  from  forvrard  flight  to 
a  hover  over  the  sonar  transducer*  Thisis  accomplished 
by  placing  the  CYC  CPLR  switch  on  the  ASE  control  panel 
in  the  DOPP  position.  During  this  mode,  the  roll 
(velocity  drift)  actual  ground  drift  signal  from  the 
radar  navigation  set  is  compared  with  the  selected 
signal  established  by  the  DRIFT  control  on  the  ASE 
control  panels  Any  difference  between  these  signals 
is  the  error  signal.  This  error  signal  is  fed  to 
the  roll  coupler  integrator  module  as  the  proportional 
doppler  error  signal.  Therefore,  this  error  signal 
represents  the  proportion  that  the  vehicle  has  been 
displaced  from  its  preselected  ground  drift.  The 
proportional  doppler  error  signal  splits  and  a  portion 
is  fed  through  the  integrator  limiter  circuit  to  the 
integra-tor  amplifier  circuit  to  provide  the  system 
with  zero  steady  state  error*.  The  integral  signal 
output  of  the  integrator  amplifier  circuit  is  added  to 
the  other  portion  of  proportional  doppl.er  error  signal, 
and  the  resultant  proportional  doppler  error  plus 
integral  signal  is  transformer  coupled  to  an  output 
fade-in  and  amplifier-limiter  circuit  in  the  roll 
coupler  anplifier  module.  During  the  doppler  mode, 
an  accelerometer  develops  a  signal  proportional  to 
the  acceleration  of  the  vehicle.  Prior  to-  the  output 
fade-in  and  amplifier-limiter  circuit,  the  output 
signal  from  the  accelerometer  is  added  to  the  proportional 
doppler  error  plus  integral  signal,  providing  a  large 
correction  signal  proportional  to  acceleration.  The 
output  fade-in  circuit  provides  for  a  smooth  initial 
build-up  of  the  signal  to  avoid  any  abrupt  vehicle 
jump  due  to  possible  large  existing  errors  when  the 
coupler  is  engaged.  The  signal  from  the  output  fade-P'^- 
circuit  is  coupled  to  a  standard  amplifier  and  out.pu,- 
limiter  circuit.  This  circuit  amplifies  and  limits 
the  output  signal  to  a  level  approximately  3 A  the 
total  authority  of  ASE#  The  coupler  output  attj.tudc 
error  signal  is  coupled  to  ^stick  trim  actuator  circuj.t 
which  excites  a  solenoid  of  the  roll  stick  trim  valve 
to  automatically  reposition  the  cyclic  pitch  control 
stick  to  extend  the  authority  of  the  roll  channel#  The 
coupler  output  attitude  error  signal  is  also  coupled 
to  the  roll  ASE  amplifier  modules#  In  the  ASE  amplifier 
module,  the  coupler  attitude  error  signal  ia  processed 
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in  a  similar  manner  as  the  basic  ASE  attitude  error 
signal • 

During  the  cable  angle  mode,  the  coupler  will 
maintain  the  sonar  cable  perpendicular  to  the  horizon* 

This  is  accomplished  by  placing  the  CYC  CPIil  switch 
on  the  ASE  control  panel  in  the  CABLE  ANGLE  position* 

During  this  mode,  the  sonar  detecting-ranging  set 
develops  a  signal  which  is  proportional  to  the  angle 
of  the  sonar  cable*  relative  to  the  floor  of  the 
vehicle*  This  signal  is  compared  with  the  vertical 
reference  signal  in  the  roll  coupler  integrator 
module*  Any  difference  between  these  signals  is  the 
error  signal*  This  error  signal  is  fed  to  the  roll 
coupler  integrator  module  as  a  proportional  cable 
angle  error  signal.  Therefore,  this  erroi*  signal 
represents  the  proportion  that  the  sonar  cable  has 
been  displaced  from  true  vertical*  TJie  proportional 
cable  angle  error  signal  is  processed  in  ^  similar 
manner  as  the  proportional  dpppler  error  signal, 
including  the  operation  of  the  integrator  amplifier, 
accelerometer,  and  stick  trim  actuator  circuits* 

3*3*7*1«3  Collective  Channel  Operation 

V/hile  ASE  is  engaged,  the  collective  channel  may 
be  engaged  by  pressing  the  BAR  ALT  engage  button  on 
tjne  ASE  control  panel  to  stabilize  the  altitude  of  the 
vehicle.  When  the  vehicle  is  displaced  from  its 
normal  flight  altitude,  the  barometric  altitude  control 
feeds  a  signal  proportional  to  the  new  altitude  into  the 
collective  ASE  amplifier  module  .contained  in  the  amplifier. 
Within  the  collective  ASE  amplifier^  module,  this  pro¬ 
portional  altitude  error  signal  is  amplified  and  demodulated, 
to  provide  an  output  to  excite  a  solenoid  of  the 
collective  servo  valve.  As  the  servo  va^lve  corrects  the 
altitude  error  signal  through  the  auxiliary  power  piston, 
primary  servo,  and  rotary  wings,  the  altitude  error 
signal  diminishes.  When  the  vehicle  is  repositioned  to 
its  original  altitude,  the  altitude  control  output 
signal  is  returned  to  its  original  value*  However,  as  the 
servo  valve  corrects  the  altitude  error  signal,  it 
places  the  collective  servo  system  in  an  op^n-lopp  con¬ 
dition*  The  open-loop  condition  extends  the  authority 
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of  the  collective  channel  by  limiting  the  mechanical 
feed-back  of  the  collective  servo  valve  to  resultantly 
reposition  the  collective  pitch  control  stick.  During 
open-loop  operation,  the  position  sensor  produces  a 
proportional  signal  to  dampen  the  collective  pitch 
control  stick  movement.  The  pilot  may  still  override 
the  open-loop  operation  by  applying  an  opposing  force  on 
the  collective  pitch  control  stick.  As  th^;  altitude  error 
signal  diminishes,  the  position  sensor  proportional  signal 
will  return  the  collective  pitch  control  stick  to  the 
engage  altitude  position.  While  BAR  ALT  is  engaged, 
and  the  pilot  uses  the  collective  pitch  control  stick 
and  the  BAR  REL  switch  to  change  altitude,  the  collective 
clutch  nulls  the  output  of  ^iihe  position  sensor. 

While  BAR  ALT  is  engaged,  the  coupler  may  be 
engaged  by  pressing  the  CPLR  engage  button  on  the  ASE 
control  panel.  During  coupler  operation  of  the 
collective  channel,  one  of  two  modes  may  be  used,  radar 
altitude  or  cable  altitude.  During,  the  I'^adar  altitude 
mode,  the  coupler  will  seek  and  retain  the  selected 
altitude.  This  is  accomplished  by  placing  the  ALT  CPLR 
switch  on  the  ASE  control  panel  in  the  RDR  ALT  position. 
During  this  mode,  the  proportional  radar  altitude  signal 
from  the  radar  altimeter  is  compared  with  the  signal 
from  the  ALTITUDE  control  on  the  ASE  control  p^nel.  Any 
difference  between  these  signals  is  the  error  signal. 

This  error  signal  is  fed  to  the  collective  coupler  module 
as  the  proportional  radar  altitude,  error  signal.  Therefore, 
this  error  signal  represents  the  proportion  that  the 
vehicle  has  been  displaced  from  its  preselected  altitude. 

The  proportional  radar  altitude  error  signal  splits  and  a 
portion  is  fed  to  the  integrator  amplifier  circuit.  The 
integral  signal  output  of  the  integrator  amplifier  circuit 
is  added  to  the  other  portion  of  the  proportional  radar 
altitude  error  signal.  The  resultant  proportional  radar 
altitude  error  signal,  and  the  resultant  proportional 
radar  altitude  error  plus  integral  signal  is  transformer 
coupled  to  an  output  fade-in  circuit.  The  radar  navigation 
set  produces  a  signal  (vertical  velocity)  proportional  to 
the  rate  of  change  in  altitude.  This  rate  signal  is 
lagged  approximately  one  second  in  the  dual  channel  lag 
amplifier,  and  transformer  coupled  to  the  output  fade-in 
circuit.  The  coupler  rate  plus  proportional  altitude  error 
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signal  output  of  the  fade-in  circuit  is  coupled  to  the 
collective  ASE  amplifier  module  and  processed  in  a  similar 
manner  as  the  basic  ASE  altitude  error  signal.  During 
the  cable  altitude  mode,  the  coupler  will  maintain  the 
vehicle  at  the  selected  altitude  over  the  water.  This 
is  accomplished  by  placing  the  ALT  CPLR  switch  on  the  ASE 
control  panel  in  the  CABI£  ALT  position.  Duping  this 
mode,  the  proportional  cable  altitude  signal  from  the 
sonar  detecting-ranging  set  is  compared  with  the  signal 
from  the  ALTITUDE  control  on  the  ASE  control  panel. 

Any  difference  between  these  signals  is  the  erpor  signal. 

This  signal  is  fed  to  the  collective  coupler  module  as 
the  proportional  cable  altitude  error  signal.  Bierefore, 
this  signal  represents  the  proportion  that  the  vehicle 
has  been  displaced  from  its  preselected  altitude.  The 
proportional  cable  altitude  error  signal  is  processed 
in  a  similar  manner  as  the  radar  altitude  error  signal. 

3*3.7*l*li  Yaw  Channel  Operation 

‘Wiiiis  ASE  lei  engaged,  the  yaw  channel  will  stabilize 
the  heading  of  the  vehicle.  The  MA-1  compass  system 
feeds  a  proportional  attitude  (heading)  signal  to  a 
differential  synchro  in  the  ASE. control  pan^l.  The 
physical  position  of  the  differential  synchro  is  controlled 
by  the  YAW  TRIM  control  on  the  ASE  control  panel.  The 
output  of  the  differential  synchro  is  coupled  to  the 
yaw  synchronizerr  Depending  upon  the  conjlition  of  the 
yaw  channel,  the  signal  will  become.  .a....syrichronizing  signal 
or  a  proportional  attitude  error  signal.  During  the 
synchronizing  mode  (manual  turns)  of  operation,  the 
proportional  attitude  signal  is  nulled  out  and  no  error 
signal  is  coupled  to  the  yaw  ASE  amplifier  module.  When 
the  yaw  channel  is  operating  normally,  the  proportional 
attitude  error  signal  is  coupled  to  the  yaw  ASE  amplifier 
module.  Within  the  ASE  amplifier  module,  the  proportional 
attitude  error  signal  is  added  to  a  rate  signal  developed 
by  the  yaw  rate  gyro.  The  resultant  rate  plus  proportional 
attitudf3  error  signal  is  amplified  and  demodulated  to 
provide  an  output  to  excite  a  solenoid  of  the  yaw  servo  valve. 
As  the  servo  valve  corrects  the  attitude  error  signal 
.  through  the  auxiliary  power  piston  and  the  rotary  rudder 
blades,  the  attitude  error  signal  diminishes.  When  the 
vehicle  is  positioned  back  to  its  original  attitude,  the 
MA-1  compass  system  output  will  return  to  its  original 
value.  As  the  servo  valve  corrects  the  attitude  error 
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signal,  it  places  the  yaw  servo  system  in  an  open«loop 
condition.  The  open-loep  condition  extends  the 
authority  of  the  yaw  channel  by  limiting  tjie  mechanical 
feedback  of  the  yaw  servo  valve  to.  resultantly  reposition 
the  yaw  pedals.  The  pilot  may  override  the  open-loop 
operation  by  applying  an  opposing  force  on  the  pedals. 

While  ASE  is  engaged  and  the  pilot  uses  the  yaw  pedals 
to  turn  manually,  he  will  experience  an  artifical 
force  feel.  The  yaw  rate  gyro  will  produpe  a  signal, 
proportional  to  the  turning  rate  of  the  vehicle.  This 
rate  signal  is  eventually  coupled  to  the  servo  valve 
and  places  the  yaw  servo  system  in  an  open-loop  con¬ 
dition,  opposite  to  the  turn  of  the  vehicle, 

3  •  3 . 7 . 1  #  5  Gros  sf ed  Sigz^cils 

In  the  Standard  ASE  there  is,  a  Pitch-Collective 
Crossfeed  signal,  which  is  used  to  program  altitude 
vs.  forward  speed  for  the  automatic  transition  to 
hover;  and  a  Pitch-Roll  Crossfeed  to  prevent  the  vehicle 
from  tilting  sideways  as  it  finishes  the  transition, 

3. 3. 7. 2  The  FPC-1  Modified  ASE  Package  (Ref.  SK  ^2214) 

Most  of  the  necessary  modifications  were  made  at 
the  inputs  of  the  Standard  ASE,  The  Basic  and  Coupler 
Channel  path  gains  were  left  unchanged,  and  the  new 
inputs  were  adjusted  to  the  same  scale  factor  as  those 
which  were  replaced, 

3 • 3 . 7 . 2 . 1  Pit  ch  Cha  nnel 

In  the  Basic  Channel,  the  Vertical  Gyro-Derived  Rate 
network  has  been  left  in  as  a  back-up  sensor  network,  in 
parallel  with  the  inertially  derived  pitch  angle  and 
pitch  rate.  The  longitudinal  accelerometer  and  Doppler 
heading  velocity  channels  were  replaced  by  the  inertially 
derived  longitudinal  acceleration  and  velocity.  The 
cable  angle  channel  was  left  unchanged. 

The  velocity  selector  signal  from  the  computer  selects 
the  appropriate  command  velocity,  (Ref,  SK  52208),  and 
introduces  that  analog  command  to  a  velocity  error  sum¬ 
ming  point.  The  Pitch-Roll  crossfeed  signal  originates 
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at  this  point.  The  velocity  error  isignal  is  also  fed 
to  the  Phase-Sensitive  AC  Limiter,  and  through  a  1-second 
lag  compensation,  to  the  acceleration  error  sum  point. 

The  limiter  gives  an  acceleration  command  proportional 
to  velocity  error  up  to  a  limiting  value  of  2  knots/sec 
at  a  velocity  error  of  $  knots.  The  accelera'tion  error 
command  replaces  the  velocity  error  command  of  the 
Standard  ASE.  The  Lagged  Accelerometer  network  is  not 
used.  The  analog  cruise  velocity  command  undergoes  an 
A/D  conversion,  (Ref.  SK  ^2209)  and  is  routed  to  the 
computer  for  use  in  generating  the  heading  command. 

The  analog  signals,  Vx  and  Vc,  are  crossfed  to  th^ 

Altitude  Command  Loop,  (Ref.  SK  52201)  in  the  Collective 
Channel,  where  they  are  used  in  the  development  of  altitude- 
velocity  profile  equation  and  the  associated  analog 
altitude  command* 

3 . 3 . 7  •  2 2  Co  lie  c  t  ive  C  ha  nnel 

In  the  Collective  Channel,  the  Doppler  vertical 
velocity  is  replaced  by  the  inertially  derived  velocity, 

Vz.  The  altitude  control  on  the  ASE  Control  Panel  is 
replaced  by  the  output  of  the  Altitude  Co wand  Loop, 

(Ref.  SK  52201),  which  is  aumiwsd  with  the  AN/APN-117 
Radar  Altimeter  output  or  the  AN'AQS-10  Cable  Altitude 
output  to  provide  an  altitude  error  signal* 

3*3*7.2.3  Yaw  Channel 

The  Standard  ASE  Yaw'  Channel  was  retained  in  full,  with 
the  addition  of  the  inertially  derived  yaw  rate.  The  present 
yaw  rate  gyro  will  serve  as  a  back-up  instrument.  In 
parallel  with  the  Standard  ASE  Yaw  Channel  is  the  Heading 
Command  Channel  (Ref.  SK  5220li.),  which  accepts  the  signals 
(Hi,  H2)  from  the  computer  and  uses  them  to  position  a 
control  transformer;  the  control  transformer  output 
is  compared  with  the  MA-1  Compass  output  to  provide  a 
heading  error  signal* 

The  normal  condition  of  the  channel  is  with  the 
Heading  Command  path  ON.  When  the  rudder  pedals  are 
depressed,  the  Heading  Command  path  is  turned  OFF 
and  the  Standard  ASE  Channel  is  turned  ON  in  the  syn¬ 
chronizing  mode.  When  the  pedals  are  released,  the 
Standard  ASE  Channel  remains  in  a  heading  hold  mode 
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until  the  RELEASE  BUTTON  is  momentarily  depressed*  At 
this  time,  the  Standard  ASE  Channel  is  turned  OFF  and 
the  Heading  Command  channel  is  put  back  into  the  circuit* 
This  arrangement  allows  the  pilot  to  override  a  flight 
path,  turn  to  a  new  heading,  and  hold  that  heading;  then, 
by  pressing  the  RELEASE  BUTTON,  he  may  revert  to  the 
original  heading  command.  The  error  signal  at  the  input 
to  the  Yaw  Servo  Driver-Demodulation  Circuitry  is  crossfed 
to  the  Roll  Channel-Roll  Comraa^nd,  Generator  to  proyide 
a  command  signal  for  co-orcinated  turns. 

3  ♦  3  *  7 • 2 Roll  Channel 

As  in  the  pitch  channel,  the  Vertical  Gyro-Derived 
Rate  Network  will  serve  as  a  back-up  system  for  the 
inertially  derived  roll  angle  and  roll  rate*  The 
lateral  (Y)  accelerometer  and  Doppler  drift  velocity 
channel  will  be  replaced  by  the  inertially  derived  Y 
axis  accelerometer  and  velocity. 

The  Roll  Angle  Command  Section  is  comprised  of  the 
Roll  Command  Generator  (Ref.  SK  52203),  which  can  command 
roll  angles  of  zero  degrees  and  25  degrees;  the  AC 
Lag  Compensation  and  the  Crossfeed  Lockout  Circuitry  (Ref. 
SK  52205)*  It  has  three  modes  of  operation,  the  applicable 
mode  being  selected  by  the  Crossfeed  Lockout  circuitry. 

When  the  command  for  is  present  and  is  greater 
than  5o  knots,  the  Crossfeed  Lockout  Circuitry  passes  the 
signal  from  the  Roll  Command  Generator.  If  is  less 
than  50  knots  or  the  command  for  Vhov  is  present,  the 
Pitch-Roll  Crossfeed  signal  is  passed,  the  vehicle 

is  in  a  hover,  momentarily  depressing  the  DRIFT  CONTROL 
Switch  will  place  the  Drift  Control  path  in  operation. 

This  path  automatically  switches  out  when  the  transition 
to  cruise  is  started. 

3»3*7.3  Required  Additional  Circuitry 

The  following  is  a  list  of  the  circuitry  needed  in 
addition  to  the  Standard  ASE  Package,  in  order  to 
implement  the  flight  Path  Control i 

(a)  Pulse  Torque  Amplifier  (PTA)  Output  Filter 

(b)  d/a  Converter 
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(c)  A/D  Encoder 

(d)  Velocity  Command  and  Advisory  Light  System 

(e)  Phase-Sensitive  AC  Limiter 

(f)  AC  Lag  Compensation  Network 

(g)  Altitude  Command  Loop 

(h)  Yaw  Channel  -  Heading  Command  Loop 

(i)  Roll  Command  Generator 

(j)  Crossfeed  Lockout  Circuitry 


.3.1  FTA  Output  Filter  (Ref.  SK  52202) 


This  filter  detects  the  average  value  of  a  timewise 
unsymmetrical  square  wave.  The  output  (2.332  V/g  ^1  g 
max)  shall  cover  its  full  range  in  response  to  the 
f ollowing  input  j  „ 


T-  10-3  SEC 


.3T  iia 
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The  filter  uses  active  filtering  on  the  1  Kc  base 
frequency,  by  integrating  it  over  10  cycles  5  and 
Tihen  averages  the  resultant  100  cps  informa^tion  with 
a  passive  filter*  The  resulting  DC  signal  is 
modulated  and  fed  out  at  a  scale  factor  of  2.332  V/g. 

3.3J.3.2  D/A  Converter  (Ref*  SK  52210) 


The  d/a  Converter  will  handle  8  bits  plus  a  sign 
bit*  The  D/A  Converter  utilizes  an  operational 
amplifier  technique  using  a  high  gain  forward 
amplifier  sind  variable  feedback^  Rf  .  The  gain 

V  ) 

of  the  upper  half  of  the  amplifier  is  (-K*)5  the 
lower  half,  -K^  (1  +  Rf  ^  Therefore,  the  analog 

R 

output  is  given  be  e  out  »  K»  Rf  ,  The  size  of  R  is 
e  in  R 


controlled  by  the  digital  information  which  is  used 
to  switch  in  the  weighted  values  of  resistance  making 
R.  The  circuit  of  SK  52210  has  a  maximum  output  of  9  volt 
AC,  for  all  8  bits  present* 


3.3.7. 3*3  A/D  Encoder  (Ref*  SK  52209) 


This  device  is  used  to  supply  a  natural  binary  signal 
to  the  computer,  representing  the  manually  set  cruise 
velocity  command*  It  covei^s  the  range  from  61;  to  100  knots 
in  two-knot  steps*  A  potentiomter  for  the  analog  cruise 
velocity  command  is  mounted  on  the  same  shaft. 

3.3.7. 3#U  Velocity  Command  and  Advisory  Light  System  (Ref.  SK  52208) 


This  circuit  has  two  advisory  lights*  **Switch  to  Cruise 
Velocity**,  and  **Switch  to  Hover  Velocity*^.  Inhere  are 
two  inputs  representing  these  commands.  Two  conditions 
are  required  to  command  the  appropriate  light*  (1)  the 
Mode  Selector  switch  must  be  in  the  FPC  position;  and 
(2)  the  Velocity  Control  switch  must  be  in  the  wrong 
position  (i.e*  "Switch  to  Hover  Velocity"  light  lights 
only  if  command  for  V^  is  present). 

/ 
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3.3*7*3*5  Altitude  Command  loop  (Ref*  SK  52201) 

The  altitude  command  loop  must  generate  'the  coTninand 
^  “  hhov  ^  (he  ^  i^hov)»  ^  servo  motor  driven 

Vc 

multiplier.  The  analog  altitude  commands  are  subtracted 
to  form  (he  -  hhov);  a  servo  positioning  loop  is  used  to 
generate  thr  ratio  ^  •  By  linking  a  potentiometer  with 

the  altitude  signal  to  this  loop,  the  product  ^  (he  -  ^hov) 

V  r» 


is  formed,  hj^oy  is  added  back  in  to  complete  the  profile 
equation.  The  output  is.  passed  through  a  Gain  Adjust 
network,  which  is  a  modification  of  the  Phase -Sensitive 
AC  Limiter.  This  is  done  to  match  the  scale  factor  of  the 
command  to  the  non-linear  output  of  the  AN/APN  117.  The 
mechanical  limits  of  the  potentiometers  restrict  the  al¬ 
titude  command  to  a  range  of  20  to  200  feet,,  even  if 
Vx  should  become  leas  than  zero,  or  greater  than 

3*3*7.3.6  Taw  Channel-Headihg  Command  Loop  (Ref.  SK  5220U) 

In  this  loop  the  computer  signals  (Hi,  K2)  are  passed 
through  D/A  converters  and  used  to  drive  a  resolver  to  the 
shaft  position comm.  This  resolver  is  mechanically 
linked  to  the  Heading  Command  control  transformer,  to 
introduce  the  analog  heading  command  to  the  yaw  channel. 

The  switching  arrangement  allows  the  heading  command 
channel  to  be  overridden  by  depressing  the  rudder  pedals. 

This  throws  the  ASE  Yaw  Synchro  Module  into  the  synchronizing 
mode  to  follow  the  resulting  turn  to  a  new  heading.  When 
the  pedals  are  released,  the  ASE  Yaw  Synchro  will  hold  the 
new  heading  until  the  OVERRIDE  RELEASE  Button  is  momentarily 
depressed.  At  this  time,  the  system  reverts  to  the  heading 
command  mode  with  the  original  heading  command  reinstituted. 
-When  the  Heading  Command  Channel  is  operative,  the  ASE 
Yaw  Synchro  is  maintained  in  a  sjnichronizing  mode. 

3. 3. 7. 3*7  Roll  Command  Generator  (Ref.  SK  52203) 


The  Roll  Command  Generator  output  may  be  represented 


by  the  following  diagram: 
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When  the  Yaw-Roll  Grossfeed  signal  is  greater  than 
2V  -  AC  (equiv.  10®)  the  Roll  Command  Generator  feeds 
out  +  5«l5  V  AC  signal  (equiv.  25^  roll),  the  size 
depending  on  the  sense  of  the  heading  error  at  all 
other  times  the  Roll  Command  Generator  output  is  grounded. 

3.3. 7.1 *8  Grossfeed  Lockout  Circuitry  (Ref.  SK  522o5) 

This  network  handles  three  inputs;  Yaw-Roil  Gross- 
feed,  Pitch-Roll  Grossfeed,  and  Drift  Velocity  Control. 

The  Yaw-Roll  ^(!!rcss-fs.ed  is  used  when  the  Heading  Command 
Loop  is  operated  but  is  switched  out  during  the  transition 
to  hover,  to  prevent  a  large  roll  angle  command  from 
appearing  while  the  vehicle  is  transitioning.  In  its 
place,  the  Pitch-Roll  Grossfeed  is  applied  to  prevent 
vehicle  tilt  during  the  tail  end  of  the  transition. 

When  in  hover,  the  pilot  may  select  to  use  the  Drift 
Velocity  Control  by  depressing,  the  DRIFT  CONTROL  mo¬ 
mentary  switch.  When  he  starts  the  transition  to  cruise, 
the  Drift-Velocity  Control  will  automatically  switch  out 
and  only  the  Pitch-Roll  Crossfeed  will  remain,  When  the 
vehicle  accelerates  past  50  knots,  the  Pitch-Roll  Cross- 
feed  will  switch  out  and  the  Yaw-Roll  Grossfeed  will  be 
activated.  This  is  summarized  in  the  followingt 

TABLE  9 


Grossfeed  Lockout 


Velocity  Command 

Forward 

Speed 

Yaw-Roll 

Grossfeed 

Pitch-Roll 

Crossfeed 

Drift  Control 

Vc 

50  Knots 

In 

Out 

Out 

Vc 

50  Knots 

Out 

Out 

Out 

Vh 

50  Knots 

Out 

In 

Out 

5o  Knots 

Out 

In 

Out 

Hover 

Out 

In 

Available 
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_ Digital  System  Design  j 

3 .  h .  1  Introduc  tion 

The  design  of  the  digital  portion  of  the  Flight  Path  Controller 

involved  studies  and  simulations  leading  to  the  requirements 

of  the  system  computer,  design  of  the  digital  interface  equip« 

ment,  and  the  formulation  of  the  computer  program*  The 

computer  studies  covered  the  feasibility  of  using  channelized 

system  or  a  central  processor  and  whether  the  existing  coupler 

functions  should  be  digitalized  or  not*  Simulation  of  the  . 

navigation  section  of  the  computer  was  directed  toward 

establishing  the  computer  speed,  word  length,  and  the  type 

of  integration  approximation  necessary  to  maintain  the  i 

system  accuracy.  The  digital  interface  equipment  was 

designed  for  17  real  time  inputs  to  the  computer,  12  manual 

initial  condition  inputs,  and  28  real  time  computer  outputs 

consisting  of  data  words  plus  eight  discrete  commands. 

While  the  programming  of  the  system  equa^xons  is  an  essential 
task  in  itself,  it  also  provides  detail  information  as  to 
the  corrputer  memory  size  and  calculation  speed  required* 

3.U*2  Design  Conclusions  j 

I 

^  The  results  of  the  digital  simulation  conducted  on  the  ! 

system  indicate  that  a  high  speed,  parallel  word  digital  computer 
will  be  required  to  solve  the  system  equations  with  a  reasonable 
accuracy.  By  reas^^iiable  accuracy,  it  is  meant  that  the 
computer  contribution  to  the  system  position  and  velocity 
errors  will  be  in  the  order  of  *5  nautical  mile  and  knot, 
respectively,  after  one  hour  of  flight*  To  achieve  this 
accuracy  a  computer  having  the  following  basic  characteristics 
is  required. 

1.  Word  Length  -  30  bits 
2  *  Memory 

a)  Program  -  3000  words  ; 

b)  Data  ~  1000  words 

3*  Typical  Operation  Time 

a)  Addition  -  less  than  2^41, sec* 

b)  Multiplication  -  less  than  l50>«sec.  I 
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It  is  felt  that  a  computer  with  this  basic  capability  is 
within  the  present  state-of-the-art* 

The  word  length  requirement  is  based  on  the  computer 
round-off  error  experienced  by  the  simulation  oh  the  IBM  7090* 
A  30  bit  word  (29bits  +  sign)  will  result  in  a  one  hour 
position  error  of  approximately  1000  feet  due  to  round-off* 

The  remainder  of  the  computer  error  will  then  be  a 
dynamic  type  which  depends  on  the  iteration  time  and  the 
computer  approximations  used*  "While  extensive  dynamic 
simulations  were  not  performed,  the  existing  results  indicate 
that  a  high  order  integration  approximation  such  as  fourth 
order  Runge-Kutta  is  required  to  hold  the  dynamic  errors  to 
a  reasonable  value*  By  using  fourth  order  Runge-Kutta  and. 
an  iteration  time  of- *2  second  the  combined  round-off  and 
dynamic  errors  should  not  exceed  #5  nautical  mile  in  one 
hour* 

The  computer  speed  requirement  and  the  memory  size  is 
based  on  the  length  and  complexity  of  the  computer  program. 

In  order  to  accomplish  all  the  system  functions  and  maintain 
a  .2  second  iteration  time  in  the  Navigation  Loop,  the  above 
operation  times  are  required.  This  is  particularly  true  of 
the  multiply  time,  since  half  of  the  present  calculation  time 
is  expended  on  multiply  operations.  The  present  computer 
program  consists  of  approximately  2^00  instructions  and  700‘ 
data  locations  which  results  in  the  memory  size  requirement* 

An  investigation  of  the  advantages  and  disadvantages 
of  using  a  channelized  digital  system  as  opposed  to  a 
central  processing  unit  resulted  in  the  selection  of  the 
central  processor  on  the  basis  of  quantity  of  hardware* 

The  amount  of  circuitry  involved  in  channelizing  the  entire 
system  to  yield  the  same  system  accuracy  was  unreasonably 
large  while  the  central  processor  essentially  provides  a 
built-in  time  sharing  capability* 

In  designing  the  digital  interface  equipment,  simplicity 
of  the  computer  input  and  output  capability  was  achieved* 

The  computer  need  only  have  a  one-word  input  channel  and  a 
one-word  output  channel  to  handle  all  system  data  and  control 
functions*  This  approach  was  taken  so  that  input-output 
capability  would  not  restrict  the  choice  of  computer* 
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3  Coupler  Trade-Off  Study  and  Centralized  VS  Channelised 

Study* 

A  study  was  made  on  the  feasibility  of  performing  the 
ASE  coupler  functions  digitally*  Two  approaches  to  this 
are  possible;  one  being  through  the  use  of  the  central 
digital  computer,  whose  main  function  is  to  perform  the 
inertial  guidance  computations,  and  the  other  being  with 
a  channelized  computer  whose  sole  purpose  will  be  to  perform 
the  coupler  functions*  In  an  effort  to  provide  an  adequate 
comparison  of  the  two  methods,  a  single  coupler  channel  will 
be  chosen  and  discussed.  In  actuality,  there  are  three  such 
coupler  channels,  the  pitch,  roll  and  collective.  The  most 
con^lex  of  these  are  the  pitch  and  roll  and  for  this  study, 
the'  pitch  channel  has  been  chosen  to  illustrate  the 
comparison# 

3*1  Centralized  Computer 

The  more  straightforward  approach  to  the  implementation 
is  with  the  central  computer.  It  has  the  capability  of  perform¬ 
ing  a  large  number  of  mathematical  operations  and  logical 
decisions  and  thus  requires  only  the  proper  programming, 
assuming  digital  inputs  are  avaiable  in  the  correct  fom, 
to  implement  the  coupler  functions.  The  central  computer 
approach  will  therefore  be  discussed  first. 

The  three  main  inputs  to  the  pitch  coupler  channel  are 
(l)  longitudinal  acceleration  from  an  accelerometer,  (2) 
velocity  from  AN/APN-130:  Doppler  navigation  set  and  (3)  cable 
angle  with  respect  to  the  horizon  measured  by  sonar  detecting¬ 
ranging  set  AN/AQS-10..  The  first  of  these,  the  accelerometer, 
must  be  a  type  that  permits  digital  readout.  The  inertial 
guidance  accelerometers  are  of  such  a  type  (pulse  torqued) 
and  they  are  already  read  periodically  by  the  central  computer. 
It  would  be  a  relatively  simple  matter  in  bhe  central  computer 
approach  to  use  the  accelerometer  signals  also  for  the  coupler 
functions.  Since  the  coupler  requires  acceleration  only  for 
short  term  compensation,  the  accuracy  available  will  be 
considerably  greater  than  required  and  will  allow  for  reasonable 
simplification. . 

The  AN/APN-130  doppler  velocity  sensor  produces  a  pulse 
train  whose  frequency  is  proportional  to  velocity.  The  inertial 
guidance  system  requires  the  use  of  doppler  velocity  and  the 
necessary  counters  and  gating  circuiti^r  are  already  available 
to  convert  the  pulse  trains  to  usable  binary  information. 
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It  is  again  a  simple  matter  to  use  this  same  information  in 
the  coupler  computations. 

The  sonar  detecting -ranging  Sob  AN/AQS-10  normally 
delivers  a  synchro  signal  whose  magnitude  represents 
the  position  of  the  sonar  cable  with  respect  to  the  horizon. 

This  synchro  output  can  be  used  to  rotate  a  similar  shaft 
device  which  will,  in  turn,  position  a  shaft  encoder.  The 
encoder  will  provide  a  direct  reading  in  binary  of  the  ex¬ 
isting  cable  angle. 

In  the  doppler  mode,  the  velocity  signal  obtained  from 
the  AN/APN-130  must  be  compared  to  a  desired  velocity  which 
is  dialed  in  by  the  pilot.  This  device  might  be  a  shaft 
encoder  whose  shaft  would  be  attached  to  a  circular  dial  and 
whose  output  would  provide  a  binary  (or  gray  code)  indication 
of  angular  position*  The  hover  trim  control  which  allows 
the  pilot  to  control  pitch  drift  rate  up  to±  6  kts:  would  be 
a  shaft  encoder  of  the  same  type.  Finally,  the  cable  angle 
control  which  allows  the  pilot  to  control  roll  drift'  up  to 
±  3*  would  also  be  a  shaft  encoder. 

To  best  illustrate  the  techniques  by  which  the  central 
computer  would  proceed  through  a  typical  cycle  of  the 
pitch  coupler  channel,  a  simplified  program  has  been  compiled. 
Each  step  in  this  program  represents  an  operation  and  may  be 
made  up  of  several  actual  computer  steps, 

1,  Read  accelerometer  and  store 

2,  Read  doppler  velocity  and  store 

3*  Read  desired  drift  velocity  and  store 
U.  Read  cable  angle  error  signal  and  store 

Read  cable  angle  control  and  store 
6.  Read  hover  trim  control  and  store 

7*  Read  mode.  If  doppler,  continue.  If  cable  angle,  jump  to  26 
8*  Modify  2  with  appropriate  conversion  factors 
9*  Modify  3  with  appropriate  conversion  factors 

10*  Subtract  from  3 

11,  If  10  is  greater  than  kts.,  let  10  be  zero 

12,  Multiply  10  by  At 

13*  Add  12  to  10 

14.  Modify  1  with  appropriate  conversion  factors 

15.  Average  lU  in  with  last  10  seconds  of  accel,  info 

16.  Add  1^  to  13 

17.  Modify  6  with  appropriate  conversion  factors 

18.  Subtract  17  from  I6 

19.  Read  out  18  to  hover  indicator 
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20, 

21. 


22. 

23. 

2h. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 
3U. 


If  18  is  greater  thaiVmax.,  useVmax 

If  18  represents  a  change  of  greater  than  ^Vover  the 

previous  value,  use 

Read  21  out  to  D/A  converter 

Subtract  l8  from  VT 

Divide  23  by  K  and  generate  the  number  of  pulses 
indicated  1:^  the  quotient  to  stick  trim  valve 
Stopp  go  to  1 

Modify  with  appropriate  conversion  factors 
Modify  5  with  appropriate  conversion  factors 
Add  li  to  5 

Multiply  28  by  At 
Add  29  and  28 

Modify  1  with  appropriate  conversion  factors 
Average  31  in  with  last  10  secs,  of  accel.  info 
Add  32  to  30  A  V 
Refer  to  33  as  18  and  jump  to  19 


3 . U. 3 • 2  Cha  nnelized  C  omput er 


The  channelized  approach  requires  a  separate  circuit  for 
each, function  much  the  same  as  an  analog  device.  This  is 
commonly  done  digitally  by  a  special  purpose  device  such 
as  a  digital  differential  analyzer  or  incremental  computer. 

Such  functions  as  addition,  subtraction  and  integration  are 
possible  with  such  a  computer  but  the  device  is  severely 
limited  when  it  comes  to  data  storage,  logic  decision  or 
complex  function  generation.  Unfortunately,  these  last 
three  operations  are  all  required  in  this  application* as 
can  be  seen  from  the  sample  program  shewn  previously. 

In  addition  some  of  the  sensor  inputs  must  be  modified 
to  allow  use  with  a  channelized  computer.  Unless  the 
central  computer  is  programmed  to  provide  the  channelized 
coupler  with  the  accelerometer  and  doppler  signals,  they 
top  must  be  ssrised  and  modified  with  addition  circuitry. 

It,  therefore,  becomes  quickly  apparent  that  the  channelized 
approach  for  the  complete  coupler  impementation  will  be 
quite  large  and  expensive  and  to  make  a  channelized ’digital 
approach  feasible  at  all,  a  coii^romise  must  be  made.  A 
possible  compromise  would  be  to  allow  only  the  input 
comparisons  to  be  performed  digitally  (such  as  actual 
minus  desired  velocity,  actual  minus  desired  altitude,  etc.); 
the  difference  would  then  be  converted  to  analog  and  the 
remainder  of  the  functions  performed  with  analog  circuitry. 
Little  can  be  gained  by  doing  this,  however,  unless  an  extremely 
accurate  difference  is  required. 
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From  the  above  discussion,  the  following  trade  offs 
are  apparent.  The  channelized  approach  allows  a  separate 
computation  of  all  coupler  functions  with  little  or  no 
reliance  on  the  control  computer.  It  requires  a  separate 
circuit  for  each  computation,  however,  and  some  operations 
such  as  scaling  and  conversion  will  require  special  storage 
devices  of  reasonable  complexity.  The  central  computer, 
on  the  other  hand,  will  offer  flexibility  for  all  computations 
and  logic  decisions  which  are  required*  Many  inputs  are  already 
available  and  require  no  extra  circuitry  to  obtain*  Conversely, 
additional  program  memory  is  required  and,  even  more  important, 
additional  program  time.  With  a  large  number  of  computations 
already  being  handled  within  limited  Ume,  the  additional 
requirements  of  the  coupler  functions  would  seem  undesirable, 

3 •  U*  3 • 3  Conclusion 

As  a  result  of  the  previous;  discussion,  it  is  therefore, 
recommended  that  if  a  choice  must  be  made  between  using  a 
digital  channelized  coupler  and  a  central  computer  implemented 
coupler,  the  central  computer  approach  is  definitely  more 
desirable.  If,  in  addition,  a  choice  must  be  made  between 
continued  use  of  the  present  analog  coupler  or  conversion 
to  the  central  computer  implementation,  it  would  be  wise  to 
remain  with  the  analog  approach.  The  central  computer 
is  presently  burdened  with  an  increasingly  large  computational 
load  and  any  method  of  reducing  or  at  least  limiting  this 
would  be  worthwhile. 


3-150 


HSER  2653 


3.1*.U  Digital  Simulation 

3.U.U.1  Introduction 

Basic  difficulty  arising  from  the  use  of  a  digital 
computer  for  the  purpose  of  strapped  down  inertial  navi¬ 
gation  arises  from  the  fact  that  the  primary  output  of 
the  system  is  a  direct  result  of  integration;  but  inte¬ 
gration  is  performed  in  a  digital  computer  by  success¬ 
ively  summing  discrete  quantities  which  may  or  may  not 
be  weighted  in  some  manner  and  can  thus  only  estimate 
the  actual  value  of  an  integral*  In  general,  the  higher 
the  order  of  integration  and  the  smaller  the  sampling 
time  (ilt)  used,  the  closer  the  value  of  the  integral 
can  be  approximated*  Of  course,  since  the  raw  data  inputs 
to  the  coirqputer  are  operated  on  in  real  time,  there  is 
only  a  finite  amount  of  time  available  for  calculations 
and  a  definite  lower  limit  is  established  for  the  inte¬ 
gration  interval*  Physical  considerations  of  the  probable 
^  dynamic  inputs  for  an  actual  flight  set  limits  on  the 

integration  time  (interval)  and  this  in  turn  restricts 
the  choice  of  integration  technique*  Estimates  of  this 
sort  tend  to  fix  the  basic  computer  speed*  Similarly 
a  decision  relating  to  the  speed  of  the  machine  can  place 
restrictions  on  the  sampling  time  and  integration  scheme. 
To  further  compound  the  problem,  decimal  fractions  can 
only  be  represented  in  binary  form  to  a  certain  accuracy 
with  a  given  number  of  bit  positions*  The  uncertainty 
associated  with  a  result  gets  larger  as  the  number  of 
operations  performed  to  achieve  this  result  increases 
and/or  as  the  quantities  involved  in  the  calculation, 
increase  in  absolute  value. 

In  general  if  the  order  of  .integration  is  increased 
or  the  sampling  time  decreased,  the  system  will  be  capable 
of  following  higher  order  dynamic  inputs.  But  the  basic 
machine  speed  may  also  have  to  be  increased  due  to  the 
larger  number  of  operations  per  unit  time,  and  the  word 
length  may  have  to  be  longer  to  maintain  the  same  accuracy. 
Taking  the  other  case  a  lower  order  of  integration  or 
longer  sanpling  time  does  not  require  as  high  a  machine 
speed  but  may  require  the  same  nuni^er  of  bit  positions 
and  will  not  be  as  satisfactory  on  following  the  hi^er 
order  dynamic  inputs* 
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Consideration  of  all  these  interrelaticnts  and  trade¬ 
offs  are  best  considered  by  simulating  certain  aspects  of 
a  flight  with  a  digital  computer  and  writing  the  program 
with  easily  changeable  parameters  directly  related  to 
those  variables  discussed  above*  In  this  way,  the  speed, 
word  length,  and  integration  techniques  can  be  chosen  for 
the  actual  flight  corrputer. 

•li*2  Description  of  Earth  Model 

Most  children  are  at  some  educational  level  told  that 
the  earth  is  shaped  like  a  ball,  but  their  senses  tell 
them  that  it  cannot  be  perfectly  smooth.  As  their  knowl¬ 
edge  increases  they  learn  that  the  earth *s  surface 
features  are  very  small  when  coiT5)ared  with  its  dimensions 
and  also,  that  the  earth  more  closely  approximates  the 
geometric  shape  of  an  ellipsoid  of  revolution  than  a 
sphere.  Becoming  more  and  more  sophisticated  attempts 
are  made  to  make  better  and  better  mathematical  models  to 
describe  the  shape  of  the  earth,  However,  to  choose  a 
model  that  must  apply  everywhere  and  not  Just  in  some 
predesignated  locality  the  ellipsoid  of  revolution  appears 
to  be  the  most  reasonable.  Therefore,  the  model  used  in 
the  actual  fli^t  system  will  be  based  on  this  geometrical 
shape  and  have  an  appropriate  gravitational  field  model 
associated;  with  it*  However,  since  the  purpose  of  this 
simulation  is  to  spell  out  computer  errors  and  limitations 
it  would  seem  that  the  most  accurate  inputs  possible  that 
are  coirpatible  with  a  specific  model  and  also  that  the 
most  tractable  model,  within  reason,  should  be  used  during 
the  simulation^  hence,  the  model  chosen  for  this  effort 
is  a  spherical  earth*  To  be  specific,  for  the  purposes 
of  the  simulation  the  earth  is  postulated  to  be  as  follows 

1.  its  geometrical  shape  is  a  sphere  whose  radius 
is  20,895,118  feet- 

2,  its  mass  is  homogeneously  distributed  and 
produces  a  gravitational  acceleration  of 
32,000000  ft/sec^  at  the  earih’s  surface 

3*  it  rotates  upon  an  axis  passing  through  its 
center  at  a  rate  of  7.292115  I  10^5  r/sec 
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that  the  common  definitions  of  east,  west, 
north,  south,  latitude,  longitude,  up  and 
down  hold 

Furthermore  it  is  assumed  that  all  of  the  navigation 
runs  will  be  made  on  the  earth  *s  surface,  thus  eiliminating 
the  possibility  of  a  positive  feedback  situation  arising 
due  to  a  /G  gravitational  attraction  model  in  the 

position  tracking  loop. 

Having  chosen  an  earth  model  for  the  simulation,  the 
appropriate  inputs  for  a  desired  situation  are  then 
generated.  Next  the  conputer  results  must  be  compared 
with  what  the  inputs  indicate  should  happen.  Since  com¬ 
puter  errors  enter  into  the  calculations  throu^out  the 
program  a  di.rect  coirparison  of  end  results  is  not  the  most 
rewarding;  hence,  the  computer  program  was  separated  into 
three  parts:  (l)  the  direction  cosine  computation, 

(2)  the  base  motion  isolation  and  (3)  the  position  track¬ 
ing  loop  —  so  that  the  errors  contributed  by  each  of 
these  separate  sections  could  be  separately  evaluated. 

The  first  two  sections  can  be  analyzed  using  the  same 
inputs;  however,  the  third  portion,  the  position  tracking 
loop,  required  either  separate  inputs  or  a  physical  inter¬ 
pretation  of  what  the  errors  represented  and  knowledge  of 
the  results  due  to  these  en'ors.  Inasmuch  as  the  response 
in  terms  of  the  position  is  an  inportant  phase  of  the 
system *s  operation  and  the  deviation  of  the  response  of 
this  digital  approximation  to  the  response  of  its  analog 
counterpart  is  desirable  information,  the  choice  was  made 
to  use  the  erroneous  outputs  of  the  base  motion  isolation 
as  inputs  for  the  position  tracking  loop;  thus  automatic¬ 
ally  having  a  physical  acceleration  profile  with  realistic 
errors  superiif^josed.  This  necessitates  a  knowledge  of  the 
response  of  the  analog  system  to  various  error  profiles 
which  is  accomplished  by  the  generation  of  the  transfer 
function  to  which  the  position  tracking  loop  corresponds. 
This  transform  comes  directly  from  an  elementary  servo 
mechanism  analysis  of  the  position  tracking  loop,  as  ahown 
in  the  diagram  of  the  basic  navigation  system  (Reference 
Figure  3).  Operation  on  the  input  profile  with  the  trans¬ 
fer  function  and  comparison  of  this  result  with  the  com¬ 
puter  printouts  then  yield  the  error  contributed  by  the 
position  tracking  loop. 
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For  the  con^uter  simulation  the  basic  navigation  ^ 

!  system  as  outlined  in  Section  3.1.14-5  was  programmed, 

I  The  proposed  method  of  servo  restrained  loop  for  the  final 

system  was  not  programmed  because  it  was  thou^  unnecessary 
to  achieve  the  established  goals  and  because  it  would  have 
been  too  time  consuming  to  check  out  the  entire  program* 

Inherent  Computer  Errors 

I  j 

In  general  there  are  two  types  of  errors  inherent  in  , 

a  digital  computer  >^en  it  is  used  in  a  real  time  system*  I 

j  These  errors  are  functions  of  the  word  length  (number  of 

i  bits  per  word)  and  the  cycle  time  (iteration  time)  of  the  i 

I  conputer*  The  first  of  these  errors  is  generally  referred 

}  to  as  either  a  round  off  error  or  a  nunher  truncation  error* 

The  second  error  is  a  dynamic  or  computer  approximation 
j  type  error  which  results  from  the  discrete  (noncontinuous) 

j  operation  of  the  cojtputer* 

I 

r  The  round  off  or  number  truncation  error  arises  from  | 

i  the  fact  that  words  in  the  coirputer  are  limited  to  a 

i  finite  bit  length  and,  therefore,  have  a  definite  gran-  j 

[  ularity*  For  exanple,  if  we  wanted  to  represent  distance 

[  up  to  1,000  feet  in  a  10  bit  machine,  the  granularity  of 

the  least  significant  bit  would  approximately  1  foot. 

If  the  machine  has  a  round  off  capability,  the  distance 
will  have  an  uncertainty  of  +  *5  foot*  If  the  number 

is  truncated  (least  significant  part  ignored),  the  i 

distance  will  have  an  uncertainty  of  -0  to  +1*0  foot*  i 

In  general,  the  truncation  type  of  error  exists  in  a 
digital  machine.  This  error  becomes  important  when  an 
iteration  process  such  as  an  integration  approximation  is 
used*  The  uncertainty  of  each  increment  consists  statis¬ 
tically  of  a  bias  which  is  one-half  of  the  value  of  the 
value  of  the  least  significant  bit  (LSB)  and  an  associated 
RMS  error*  The  error  resulting  from  N  iterations  is  j 

E  -  N  (.5)  (L.SB)  +  ^  ,  I 

i  '  ; 

i  This  error  can  be  reduced  by  increasing  the  word 

;  length  of  the  computer  or  by  reducing  the  number  of  iter- 

it  ations  of  the  calculation* 

V 

{  The  dynamic  error  in  a  digital  couputer  is  a  function 

of  the  order  of  the  input  signal,  the  order  of  the  com¬ 
puter  approximation  of  the  process  being  simulated  and  the 

I 

J' 

I  i 
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cycle  time  (4  t  of  an  iteration)  of  the  computer*,  In  the 
case  of  integration,  the  higher  the  order  of  the  computer 
approximation  the  smaller  the  dynamic  error  becomesj  also, 
as  the  computer  cycle  time  is  reduced  the  approximation 
approaches  continuous  integration  and  the  dynamic  error 
again  decreases.  It  is,  therefore,  desirable  to  have  as 
hi^  an  order  of  approximation  and  as  small  a  cycle  time 
as  possible  to  reduce  the  dynamic  error*, 

The  ideal  solution  to  computer  errors  would  be  to 
have  a  machine  with  infinite  word  length  and  infinite 
speed  which  would  make  both  the  round-off  and  dynamic 
errors  negligible.  Since  this  is  an  idealization,  the 
final  conputer  error  is  generally  a  coirpromise  between 
round  off  error  and  dynamic  error, 

.4,4  Discussion  of  Simulation 

The  simulation  of  the  basic  navigation  system  was 
done  on  an  IBM  7090  general  purpose  digital  computer*  For 
the  various  simulation  runs,  analytic  inputs  were  generated. 
From  the  analytic  inputs  certain  quantities,  e.g.,  the 
direction  cosines  between  the  inertial  and  present  position 
axes,  inertial  positiori,  etc,,  were  calculated  by  engineer¬ 
ing  personnel  and  compared  with  coitputer  results  at  different 
times  during  each  run.  From  plots  of  the  errors  (differences 
between  hand  calculated  and  machine  calculated  results)  it 
was  possible  to  construct  error  models  which  accounted  for 
systematic  errors  in  the  conputer.  Figure  4l  coirpares  the 
actual  errors  and  those  predicted  by  the  model  of  the  input 
errors  j  discrepancies  between  the  two  plots  are  caused  by 
round  off  effects  in  the  position  tracking  loop  (PTL), 
linear  approximations  of  the  input  errors',  and  due  to  the 
inaccuracy  of  the  hypotheses  upon  which  the  loop*s  transfer 
function  was  derived. 

In  general  it  was  found  that  the  E  and  N  axes  were 
much  more  sensitive  with  respect  to  errors  than  the  U  axis. 
This  is  attributed  to  the  fact  that  the  rotation  of  the  earth 
results  in  a  changing  acceleration  along  the  E  and  N  axes 
for  normal  ranges  of  latitude.  This  acceleration  change 
results  in  a  position  error  due  to  any  time  lag  in  the 
position  tracking  loop.  The  corresponding  numerical 
position  integrations  along  the  E  and  N  axes  do  not  approx¬ 
imate  as  closely  as  the  U  axis  an  analog  integration. 


3-1^$ 


HSER  26^3 


Figures  i|2,  h3  and  Wa  show  the  error  plots  of  longi¬ 
tude,  latitude,  and  radius  from  the  center  of  the  earth, 
respectively,  (as  calculated  ty  the  computer)  versus 
elapsed  time  for  the  situation  in  which  the  system  was 
motionless  with  respect  to  the  earth ♦ 

The  changes  made  in  the  simulation  that  account  for 
the  various  longitude  errors,  as  shown  in  Figure  J42,  are: 

Run  1:  A  relatively  large  iteration  time  (10  seconds) 
in  the  PTL  accounts  for  the  large  oscillation. 

Run  2s  The  oscillation  in  this  run  (and  in  Runs  3 

and  U)  is  due  to  time  lags  introduced  in  the 
digital  iirple mentation  of  the  system;  however, 
for  this  run  (and  Runs  3  and  U)  the  PTL 
iteration  time  is  reduced  to  one  secqnd,  thus 
resulting  in  a  mudi  smaller  over-all  lag  than 
in  Run  1, 

Run  32  The  airplitude  of  oscillation  shown  for  this 
run  has  been  reduced  by  a  better  choice  of 
the  direction  cosine  conputation  (DCG)  and 
base  motion  isolation  (BMI)  iteration  time. 

Ran  i;:  This  is  a  repeat  of  Run  3  on  a  Philco  2000 

general  purpose  conputer  which  has  eight  more 
binary  bits  of  accuracy  than  the  IBM  7090; 
thus,  the  coiiparison  of  Runs  3  and  h  gives  an 
indication  of  the.  effects  of  round  off  errors. 

The  differences  in  end  points  of  the  various  runs  can 
be  explained  as  a  combination  of  round  off  and  input  lag 
errors . 

The  latitude  plots  are  shown  in  Figure  k3  and  are 
described  below : 

Run  1:  The  large  oscillation  in  this  run  is  ascribed, 
as  whs  longitude,  to  the  large  incrementing 
time  in  the  PTL. 

Run  2:  The  oscillation  was  greatly  reduced  by  reducing 
the  PTL  iteration  interval. 
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Run  3*  The  change  of  the  DOC  and  BMI  incrementing 
time,  noted  in  the  discussion  of  longitude 
errors  above,  has  had  two  notable  effects 
on  the  plot  of  latitude.  First,  the  oscil¬ 
lation,  which  for  Runs  1  and  2  was  due  pri¬ 
marily  to  a  term  proportional  to  cosine  (kt), 
is  now  constituted  mostly  of  a  term  propor¬ 
tional  to  sin  (kt);  secondly,  the  slope 
error  has  increased  from  Run  2  to  Run  3* 

Both  of  these  occurences  are  accounted  for 
by  the  increased  error  due  to  round  off  in 
the  .DGC  operation  corresponding  to  the 
decreased  incrementing  time  of  the  DOC  and 
BMI, 

Run  i|:  Tl^s  run  dramatically  indicates  the  round 

off  effects  mentioned  in  the  discussion 
above  of  Run  3>  the  curve  is  almost  pom-  . 
pietely  a  result  of  time  lag. errors, 

,  ,  ’  ■< 

The  radius  plots,  as  shown  in  Figure  44,  follow  direct¬ 
ly  from  the  latitude  plots  because  the  variations  in  U  were 
small  as  compared  with  the  E  and  N  errors,  i,e,,  the  sine 
of  latitude  equals  the  quotient  of  U  divided  by  p  (the 
radius);  hence,  the  plots  of  radius  can  be  related  to  the 
latitude  plots,  thou^  in  a  nonlinear  fashion. 

The  final  portion  of  the  simulation  was  a  series  of 
runs  which  con^ared  the  errors  in  the  direction  cosine 
confutations  (DCC)  for  different  numerical  integration 
techniques,  viz,,  rectangular,  modified  Euler,  and  fourth 
order  Runge-Kutta,  Each  run  was  performed  both  on  the 
IBM  7090  and  the  Philco  2000  for  a  comparison  of  round  off 
errors.  Also  for  this  series  of  runs  a  much  higher  angular 
rate  was  used  than  that  used  in  Runs  1  through  li.  The 
resultant  errors  indicated  from  the  fourth  order  Runge- 
Kutta  method  were  almost  l/lOO  of  the  errors  generated  by 
the  rectangular  technique  (after  8l|  minutes  of  running  time). 
The  modified  Euler  errors  fell  between  these,  but  no  com¬ 
parison  is  given  because  it  is  reasonably  certain  that  this 
method  could  be  programmed  in  a  manner  ^ich  would  eliminate 
a  major  portion  of  the  error  observed. 
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3.U.U.5 
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3.1;.5 


3.U.5.1 

'  3.U.5.I. 


»  i 


Summary  Knowledge  Gained  From  the  Simulation 

Prom  information  gained  via  this  simulation  the 
following  changes  should  yield  sufficient  accuracy’ from 
the  computer  to  perform  the  required  tasks, 

!•  Let  the  PTL  incrementing  time  be  the  same 
as  in  the  BMI  and  equal  to  two-tenths  of 
a  second, 

2^  Use  a  word  length  of  29  bits  or  greater. 

3.  Use  lith  order  Runge-Kutta  as  the  integration 
technique. 

The  effects  of  changes  (l)  and  (2)  above,  ares 

(a)  Change  (1)  is  the  same  type  of 
change  as  was  made  from  Run  1  to 
Run  2, 

(b)  Change  (2)  is  the  same  type  of  change 
as  was  made  from  Run  3  to  Run  U. 

These  changes,  are  improvements  of  Run  3  results  which 
affect  these  results  in  the  manner  indicated  above. 

The  fourth  order  Runge-Kutta  integration  tech¬ 
nique  is  recommended  as  assurance  of  following  non¬ 
linear  inputs  to  a  much  better  degree  than  rectangular 
or  modified  Euler, 

Specification  for  A  Digital  Computer 

This  specification  defines  the  requirements  of  a 
digital  computer  which  is  required  to  solve  the  navigation 
equations  involved  in  a  stabilized  helicopter  flight. 

Performance 

Type 

The  computer  must  be  designed  for  real  time  control. 
It  must  be  a  general  purpose,  ^ole  number,  stored  pro¬ 
gram  device  capable  of  high  speed  operation. 
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3.U.5,1.S 


3.U. 5.1.3 


3.)4.5.l.li 


3. U. 5. 1.5 


3. U. 5. 1.6 

3.U.5.1.7 


3.U.5.1.7.1 

3.U.5.1.7.2 
3. U. 5. 1.8 


3.U.5.1.9 


Number  System 

True  binary  with  internal  '*ones^*  or  ’’twos*^  complement 
operation  is  required. 

Data  Word  Length 

30  bits  per  word,  including  sign,  ^^ixed  point 
binary. 

Method  of  Data  Processing 

Parallel  arithmetic  operations,  internal  word 
transfer  and  input-output  transfer. 

Operation  Times  (Typical) 

Add  and  Subtract  less  than  2k  jusec. 

Multiply  less  than  1^0  ^sec. 

Divide  less  than  200  /isec. 

Control 

Stored  program  modifiable  by  an  indexing  cycle. 
Desired  Instructions 

Standard  instruction  repetoire  mth  the  following 
exceptions: 

Sample  Switch  xx  where  xx  shall  specify  avail¬ 
ability  of  input  information  originated  by  pilot. 

If  an  ”on'^  state  is  sensed,  the  computer  will  transfer 
to  a  read-in  subroutine. 

Read  external  xx  where  xx  shall  specify  source  of 
input  information  (buffer,  code  wheel^etc.). 

Method  of  Internal  Storage 

Parallel  input-output  coincident  current  magnetic 
core  memory  or  equivalent. 

Memory  Capacity 

I1O96  words,  30  bits  per  word. 
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3.U.5.2  Inputs 

The  computer  program  shall  be  loaded  into  the  memory 
via  punched  tape  with  automatic  correct  load  verification* 

Data  tape  inputs  shall  be  read  by  the  computer  upon 
initiation  by  the  pilot  prior  to  a  mission. 

Manual  data  shall  be  inserted  into  the  computer 
from  an  external  buffer  register  of  30  bits. 

Periodic  data  shall  enter  the  computer  sequent ually 
in  parallel  through  an  interface  package  to  be  supplied 
by  HSED, 

The  computer  shall  generate  a  discrete  command  to 
the  interface  after  each  read-in  to  establish  the  proper 
synchronization. 

3*l4.-5.3  Outputs 

Periodic  outputs  shall  be  transferred  sequent ually  in 
parallel  to  a  set  of  output  buffer  registers!  of  30  bits. 

Identification  line  under  control  of  the  program 
shall  be  used  to  properly  route  the  output  information 
to  its  destination. 

3*U*5.U  Status  Panel 


There  shall  be  performance. indicators,  alarm  lights, 
failure  indicators  and  status  indicators  controlled  by 
navigational  results. 

3.U.5*?  Mechanical  Bequireraents 

Size  shall  be  limited  by  the.  space  available,  5* 
high,  2*  wide,  2*  deep  maximiifn.  Weight  shall  be 
^00  lbs.  maximum. 

3 .U . ^ • 6  Electrical  Requirements 

Power  will  be  supplied  by  the  helicopter’s  available 
power  liOO  cps  +  20  cpa,  3  0  115/200V.  $00  watts  maximum. 

The  regulation  shall  be  10^. 
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Environmental  Condition 

The  equipment  shall  be  capable  of  operating  in  a 
temperature  range  QoF  to  125°F. 

The  equipment  shall  be  capable  of  withstanding  normal 
vibration  conditions  encountered  in  helicopter  flights. 
Shock  Mounting  Is  permitted. 

Computer  Input  -  Output  Design 
Input  Data  Insertion 

There  are  17  quantities  which  must  be  fed  into  the 


computer  during  each  cycle. 

They  are 

1  (in  order): 

1.  Pitch  Gyro 

10. 

Doppler  #k  > 

2*  Roll  Gyro 

11. 

True  Airspeed 

3.  Yaw  Gyro 

12. 

Cruise  Velocity 

X  Accelerometer 

13. 

Range  (to  new  Dunk  Point) 

Si,  X  Accelerometer 

li+. 

Bearing  (to  new 

6,  Z  A.ccelerometer 

Dunk  Point) 

7*  .Doppler  #1 

15. 

E  -  W  Position  Fix 

,8.  Doppler  #2 

16. 

N  -  S  Position  Fix 

9,  Doppler  #3 

17. 

Mode  -  Option 

The  first  10  quantities  are 

obtained 

by  counting  a 

pulse  train  over  a  given  period  of  time.  The  resulting 
words  represent  new  information  each  cycle  and  are  used 
periodically  in  the  navigation  computations.  Quantities 
11  -  17  change  infrequently,  although  they  are  read  every 
cycle  to  determine  if  any  change  has  occurred. 

The  read,  in  sequence  is  performed  at  a  particular  time 
during  each  cycle,  each  word  being  read  in  turn  into  the  computer 
memory  until  the  17th  has  been  received.  The  program 
then  proceeds  through  the  regular  computations,  using  the 
input  information  from  the  memory  when  desired. 

In  addition  to  the  17  periodic  inputs,  there  is  a 
separate  manual  input  console  which  is  used  to  load  12 
initial  conditions  at  the  start  of  each  mission.  These  . 
inputs  are  loaded  one  at  a  time  in  a  given  order  so  that 
no  identification  is  required.  Once  the  inputs  have  been 
loaded,  the  console  is  no  longer  required  and  the  program 
does  not  return  to  that  read-in  subroutine.  The  12  inital 
conditions  are  as  follows! 
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1.  -  True  Helicopter  heading  aboard  ship  (DEG)* 

2.  Vs  -  Ships  velocity  (knots). 

3.  -  True  ships  heading  (DEG). 

U.  As  -  ‘Ships  latitude.  (DEG) 

5.  ^  -  Ships  Longitude  (DEG). 

6.  Rp  «  Range  between  dunks  (N.M*). 

7.  Aa  -  Grid  latitude  (DEG). 

8.  -  Grid  longitude  (DEG), 

9.  -  Datum  Point  (N.M.). 

10.  “  Datum  Point  (N.M.). 

11*  i  “  Arbitrary  distance  ( range -ya rds ) , 

12.  r  -  Arbitrary  Angle  (DEG.) 

The  design  of  the  input  equipment  has  proceeded  under 
the  assumption  that  the  central  digital  computer  possesses 
at  least  a  21  bit  parallel  input  word  capability.  The 
read* in  sequence  will  proceed  as  follows  i  DiJhen  the  input 
information  is  ready,  an  ^^information  ready^^  signal  will 
be  sent  to  the  computer.  At  a  particular  point  in  the 
program,  the  computer  will  observe  this  signal  and,  if  it 
is  in  the  affirmative  state,  then  read  the  contents  of  the 
input  register.  After  the  information  has  been  stored,  tlie 
computer  will  send  out  an  ’^information  stored’^  signal 
which  1^11  be  used  to  place  the  next  input  word  into  the 
computer  input  register.  The  order  of  the  inputs  will 
identify  the  information  and  thus  no  identification  words 
will  be  required  to  accompany  the  data  into  the  computer. 

3«i|«6.2  Pulse  Torque  Amplifier  Interface 

The  six  pulse  torque  amplifier  counter-buffers  are  shown 
in  Drawing  B  of  SK  52212.  They  are  used  to  obtain  a  binary 
count  from  the  pulse  trains  eminating  from  the  three  gyro 
(pitch,  roll  and  yaw)  and  the  three  accelerometer  (X,  Y  and 
Z)  pulse  torque  an^^lifiers.  Assuming  that  the  cycle  time 
of  the  computer  (the  time  between  read  in  cycles)  will  be 
in  the  order  of  200  ms,  and  that  the  pulse  torquing  rate 
will  be  100  KC,  it  can  be  seen  that  a ’maximum  count  of 
(100,000)  X  (.2)  *  20,000  can  result.  This  requires  a 
binary  word  of  l5  bits,  which  can  represent  up  to  32,767. 

A  l5  bit  binary  counter  has  been  designed  therefore  for 
each  of  the  6  pulse  trains.  At  the  completion  of  the 
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200  ms,  counting  period,  a  pulse  is  applied  to  AI9  of 
each  channel  and  the  contents  of  the  counters  at  that 
time  are  gated  down  into  a  storage  register*  The 
gating  pulse  is  timed  so  that  no  torquing  pulses  will 
be  arriving  at  the  counter  input  and  thus  no  counts  are 
gained  or  lost  during  any  cycle*  Immediately  after  the 
contents  are  gated  from  the  counters,  a  reset  pulse  is  applied 
to  A20,  clearing  the  counters  to  zero  and  preparing  them 
for  the  first  pulse  of  the  next  cycle. 

The  word  from  the  pitch  gyro  counter  (B1  -  Bl5)  is 
gated  directly  into  the  computer  input  register  shown  in 
Drawing  E  of  SK  52212.  This  can  be  done  since  it  is 
the  first  word  to  be  read  by  the  computer  and  need  not 
be  temporarily  stored  in  a  separate  buffer.  Al!).  other  read¬ 
outs  are  stored  in  an  adjoining  buffer  and  held  until 
the  '^information  stored'*  signal  from  the  computer  commands 
their  gate  down  into  the  computer  input  register, 

.6.3  Doppler  Interface 

The  pulses  arriving  from  the  doppler  unit,  see  Draw¬ 
ing  C  of  SK  52212,  are  separated  into  two  channels,  one 
for  positive  and  one  for  negative  velocity.  To  gain 
a  usable  count,  it  becomes  necessary  to  obtain  the  difference 
between  the  sum  of  the  pulses  in  the  positive  channel  and 
the  sum  of  the  pulses  in  the  negative  channel  over  a  given 
period  of  time.  This  is  accomplished  through  the  use  of  an 
up»down  counter  .with  +  zero  correction  logic.  The  frequency 
of  the  two  channels  varies  over  a  range  of  0  -  3000  cps. 

With  a  cycle  time  of  200  ms,,  this  provides  a  maximum 
count  (one  channel  zero  cps  and  the  other  3000  cps)  of 
600 •  A  10  bit  counter  will  represent  up  to  1023  in  binary 
and  will  be  used  in  this  application.  Since  pulses  cannot 
exist  in  both  the  positive  and  negative  channel  simultaneously, 
the  two  channels  are  combined  and  fed  into  the  input  of 
the  counter,  A  detector  F/F  senses  whetlier  the  input  pulse  ) 
is  a  positive  (up  count)  pulse  or  a  negative  (down  count) 
pulse  and  controls  the  count  gates  accordingly.  If  the 
total  number  of  pulse s_  is  positive  at  the  end  of  a  count 
cycle,  the  number  (A-J)  is  gated  from,  the  counter  into  the 
buffer  to  await  read- in  by  the  computer.  If  the  number 
is  negative,  it  will  be  represented,  in  the  counter  as  a 
^**pnes  complement*  and  will  therefore  be  gated  out  of  the 
opposite  side  (A-J)  in  order  to  obtain  the  true  form. 
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If  the  count  should  change  polarity  during  a  cycle, 
a  problem  of  ^  zero  will  result.  If,  say,  the  count  passes 
from  +  1  to  +~b  and  then  negative,  the  next  count  will  be 
-  0  which  is  represented  in  the  counter  by  all  ones.  This 
condition  is  sensed  by  the  logic  circuitry  and  a  count  is 
subtracted  at  this  point  to  give  -  1.  A  transition  from 
the  minus  to  plus  polarity  generates  the  opposite,  the 
addition  of  a  pu^se,  and  therefore  always  maintains  the 
correct  count  with  no  limitation  on  the  number  of 
polarity  changes  per  cycle. 

The  four  doppler  channels  shown  in  Drawing  C  fo  SK  52212 
are  identical  in  design,  each  containing  an  11  bit  counter 
(10  bits  and  sign)  and  an  associated  11  bit  buffer  to  store 
the  count  until  computer  read-in. 

Manual  Inputs  Interface 

As  shown  on  Drawing  D  of  SK  52212,  there  are  5  manual 
input  sources  which  are  thumbwheels  with  bipary  coded  decimal 
outputs.  Four  of  these  inputs  are  on  the  pilo1i*s  control 
panel  (range,  bearing,  EW  position  fix,  ancj  TO  position 
fix)  and  can  be  used  at  any  tine  during  the  mission  while 
the  fifth  is  located  on  the  control  console  (initial 
conditions)  and  is  used  only  at  the  start  of  a  mission. 

Each  of  the  thumbwheel  .inputs  must  be  converted  from 
BCD  to  binary  before  insertion  into  the  computer.  To 
do  this,  a  serial  BCD  to  binary  converter,  also  shown 
in  Figure  D,  has  been  designed.  Since  conversion  time 
is  not  an  important  factor,  the  converter  has  been  designed 
with  simplicity  and  economy  in  mind,  ^enever  an  input  is 
dialed  into  one  of  the  5  thumbwheel  encoders,  an  insert 
button  corresponding  to  that  thivnbwheel  must  be  pushed. 

This  sets  one  of  5  F/F^s,  storihg  the  identification  of 
that  input,  and  also  triggers  a  raonostable  whose  output  reads 
the  BCD  thumbwheel  contents  into  a  BCD  register-counter. 

This  register  is  a  2k  bit  BCD  down  countermand  is  accompanied 
by  an  adjoining  20  bit  binary  up  counter.  Six  BCD  digits 
can  accomodate  a  count  up  to  999,999  wliile  to  accomplish 
this  magnitude  in  binary,  20  bits  (l,Oli8,575)  will  be 
required.  Immediately  after  the  BCD  quantity  has  been 
gated  into  the  counter  register,  a  square  wave  clock  is 
gated  into  both  inputs  (the  input  to  the  binary  counter 
operates  on  the  opposite  phase  and  thus  lags  by  180°) 
and  the  BCD  counter  begins  to  count  down  while  the  binary 
counter  counts  up,  A  detector  constantly  monitors  the  MSD 
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of  the  BCD  counter  and  when  the  couter  goes  through  zero 
and  reaches  *^all  ones”,  the  clock  is  switched  off*  The 
resulting  binary  number  contained  by  the  binary  counter  is 
then  gated  to  one  of  5  buffer  registers,  depending  on 
the  identification  F/F  states*  It  should  be  noted  that  the 
conversion  time  for  a  maximum  magnitude  number  of  999,999 
with  a  clock  frequency  of  200  KC  is  only  5  seconds,  only  a 
little  longer  than* it  takes  for  the  operator  to  push  the 
insert  button* 

The  range,  bearing,  EW  and  NS  position  fix  binary 
quantities  are  each  gated  into  a  separate  buffer  register, 
shown  in  Drawing  D  of  SK  ^2212  and  stored  there  for 
read- in  during  each  cycle*  Any  change  in  contents  will 
occur  almost  instantaneously  during  gate  down  from  the 
converter.  Since  the  computer  reads  the  register  each  cycle, 
read  in  repetition  will  prevent  any  error  from  occurring 
due  to  number  changeover  during  sampling.-  The  initial 
conditions  are  gated  from  the  binary  counter  directly  into 
the  computer  input  register.  This  can  be  done  since  no 
other  inputs  are  occurring  at  that  time  and  since  the 
quantities  are  inserted  one  at  a  time  by  the  operator. 

Another  set  of  manual  inputs  make  up  the  Mode-Option 
word.  This  word  is  a  13  bit  discrete  character  in  which 
each  bit  represents  a  certain  condition.  Bits  one  through 
four  represent  the  Mode  commands  -  Coarse  Erection  and 
Alignment,  Fine  Erection  and  Alignment,  Doppler  Inertial, 
and  Self  Damping,  respectively.  Bit  ^  represents  doppler 
lost  -  not  lost  and  bit  6  indicates  the  pilot *s  desire  to* 
^prepare  for  transition”.  Bits  7  through  13  account  for 
the  7  pilot  options  which  can  be  chosen  during  the  mission. 
The  resulting  13  bit  word  is  read  during  every  cycle  and 
tested  to  determine  if  any  change  has  occurred.  The  13 
bit  register  used  to  store  this  word  has  been  designed  so 
that  when  one  switch  of  the  mode  or  option  group  is  actuated, 
all  F/F's  are  reset  except  for  the  one  concerned,  which 
is  set.  This  allows  for  an  almost  instantaneous  change 
to  the  new  states  and  prevents  ambiguities  which  result 
from  word  changes  occuring  during  periodic  read  in. 

Two  other  quantities.  True  Airspeed  and  Cruise  Velocity 
are  shown  in  Drawing  D  of  SK  52212.  Cruise  velocity  is 
commanded  by  a  rotary  switch  whose  shaft  is  also  attached 
to  a  potentiometer,  used  for  analog  display.  During  each 
read  in  cycle,  a  voltage  interrogate  pulse  (All)  is  applied 
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to  the  switch  and  the  contents  read  directly  into  the 
computer  input  register.  True  airspeed  is  measured  by 
an  existing  shaft  position  which  is  digitized  by  a 
binary  shaft  encoder.  The  shaft  encoder  is  reaci  during 
each  cycle  by  interrogate  pulse  AlO  and  the  resulting  8 
bit  word  also  fed  directly  to  the  computer  input  register. 

3.1i-6.5  Computer  Input  Register 

The  computer  input  register,  shown  in  Drawing  E  of 
SK  52812  contains  20  bits  plus  sign.  This  is  designed,  to 
accept  the  largest  input  available  from  any  source  which 
in,  this  case  happens  to  be  the  20  bit  plus  sign  initial 
condition  word.  The  inputs  into  each  F/F  vary  from  a  maximum 
of  18  at  Cl  -  1  to  a  minimum  of  1  at  D76.  Since  each 
F/F  can  ^’or*^  3-U: separate  inputs  into  either  the  set  or 
clear  side  and  a  gate  can  handle  10  "or”  inputs,  the  method 
shown  was  selected  to  provide  the  large  number  of  inputs 
to  one  point.  Since  only  9  diodes  of  a  possible  10,  and 
2  inputs  of  a  possible  I|.  have  been  used,,  room  for  expansion 
up  to  Uo  inputs  remains  possible.  Only  7  of  tjie  inputs  are 
accompanied  by  a  sign  and  therefore  Cl  21,  the  sign  bit  lo¬ 
cation,  contains  a,  7  diode  "or"  gate.  The  outputs  of  the 
21  bit  register  are  fed  through  level  converters  which 
change  the  logic  levels  used  in  the  input-output  equip¬ 
ment  to  those  of  the  central  digital  computer. 

3.U.6.6  Computer  Input  Control 

The  computer  input  control  shown  in  Drawing  A  of 
SK  52212  is  the  central  control  area  for  all  input 
operations.  Two  operating  states  are  possible ;  the  ini¬ 
tial  condition  mode  IC  and  all  others,  IC.  In  the  IC 
mode,  the  initial  condition  word  is  entered  via  the  thumb¬ 
wheel  and  the  "insert"  button  is  pushed.  The  BCD  to  binary 
conversion  is  performed  and,  upon  its  completion,  a 
binary  word  is  gated  into  the  computer  input  register. 

This  same-  gating  pulse  D91  is  fed  to  the  set  side  of  the 
"information  ready"  F/F,  telling  the  cqmputer  that  data  is 
waiting  to  be  read  in.  After  the  compqter  has  read  and 
stored  the  word,  an  "information  stored"  pulse  is  eent 
back  to  the  input  control  by  the  computer.  This  pulse 
resets  the  computer  input  register  with  A21  and  also  clears 
the  "info  ready"  F/F.  The  cycle  again  repeats  itself 
with  the  next  initial  condition  insertion. 
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•  In  the  normal  operating  mode  10^  pulses  from  the 
computer  clock  are  counted  down  until  a  frequency  equal 
to  the  cycle  frequency  is  obtained*  Thi^j  provides  a 
single  pulse  per  computer  cycle  and  is  used  to  provide 
thjg  proper  gyro,  accelerometer  and  doppler  counting 
period* 

During  each  cycle,  A18  is  first  generated,  re¬ 
setting  the  gyro,  accelerometer  and  doppler  buffer 
registers.  Al?  then  gates  the  counter  contents  into 
the  buffer  and  A21  resets  the  counter  before  the 
next  pulse  arrives.  A19  also  gates  the  pitch  gyro  word 
directly  to  the  computer  input  register  and  sets  the 
info  ready  F/F,  telling  the  computer  to''  begin  the  read- 
in  cycle  whenever  convenient.  After  the' computer  reads 
in  this  first  word,  the  returning stored^^  pulse 
advances  a  5  stage  counter  to  position  1  and  a  delayed 
pulse  enables  Al.  This  gates  the  roll  gyro  word 
into  the  computer  input  register- and  the  cycle  repeats 
itself.  At  the  completion  of  thelTth  read ’In,  the  •^info 
stored^  pulse  enables  A17  which  resets  the  ^inf o  ready*^ 
F/F  and  terminates  the  read- in.  The  5  stage  counter  is 
reset  by  the  next  cycle  pulse  and  the  count  begins  anew 
at  position  0. 

3*l4.*6.7  Output  Data  Transmission' 


There  are  15  separate  data  words  and  eight  discretes 
which  must  be  fed  out  of  the  comjputer.  These  are  either 
displayed,  converted  to  analog  and  used  for  control 
purposes,  or  used  to  turn  on  or  off  various  functions 
within  the  system.  The  l5  data  words  are  as  follows  t 


1.  -  Latitude 

2,  y  -  Longitude 

3*  V,^-  Longitudinal  Velocity 
li.  Vy  -  Lateral  Velocity 
5e  V?''-  Vertical  Velocity 

6.  yff-  N  -  S  Velocity 

7.  Wr-  E  -  W  Velocity 

8.  e  -  Pitch 


9.  ^  -  Roll 

10.  By  -  Range  to  Dunk  Point 

11.  -  Bearing  to  Dunk  iPoint 

12.  H  •  Bearing  to  Next  Fixed  Point 

13.  H,  -  Bearing  to  Next  Fixed  Point 
lU.  Bearing  to  Next  Fixed  Point 
l5.  K  -  Range  to  Next  Dunk  Point 
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The  eight  discretes  are  as  follows t 


1. 

(OH) 

Turn 

2. 

(OFF) 

Turn 

3. 

(ON) 

bunk  Point 

h. 

(off) 

Dunk  Pbint 

(ON) 

Final  Dunk  Point 

6. 

(ON) 

Engage  Transition  to  Hover 

7. 

(ON) 

Prepare  for  Takeoff 

8. 

(OFF) 

Prepare  for  Transition 

A  sequence  has  been  assumed  for  all  readouts  from  the 
digital  computer  and  the  design  of  the  output  section  has 
been  based  on  this.  At  the  beginning  of  a  readout  cycle, 
an  identification  word  will  be  placed  on  the  II3  output 
lines.  The  word  will  be  decoded  immediately  by  a  23  gate 
matrix  and  the  resulting  output  used  to  select  a  routing 
path  for  the  particular  word  being  identified.  The  output 
data  word  will  then  be  placed  on  the  output  lines  (if 
data  is  to  be  read  out)  and  a  reset  pulse  will  be  generated 
by  the  computer  which  will  reset  a  register  at  the 
selected  destination.  A  read  pulse  generated  by  the 
computer  will  then  gate  the  data  word  to  the  register  and 
the  cycle  will  be  completed.  If  a  discrete  signal  is  to 
be  read-out,  the  read  pulse  will  only  be  used  to  provide 
ths  enabling  signal  after  identification  by  the  ID  output 
has'  occurred-. 

3.it."6.8  Computer  Output  Interface 

The  computer  output  interface,  w  shown  on  Drawing  F 
of  SK  52212,  provides  a  systematic  readout  of  the  28  output 
lines  of  the  computer.  Five  of  the  28  lines  are  used  as 
an  identification  word.  This  word  is  decoded  into  23 
separate  outputs  (CH-1  to  CH-23)  and  the  resulting  l^el 
used  to  route  an  output  to  a  desired  location  or  to  provide 
a  discrete  pulse  to  an  on  -  off  device*  The  ^  bit  ID  word 
can  uniquely  identify  up  to  31  outputs  and  therefore  allows 
room  for  expansion  in  the  future.  Each  of  the  5  ID  lines 
is  fed  through  an  input  converter  which  transforms  the 
logic  levels  of  the  computer  to  those  of  the  output  inter¬ 
face.  Twenty  three  of  the  output  lines  are  for  the  trans¬ 
fer  of  data.  At  the  present  time,  only  seven  output  data 
words  are  routed  to  a  particular  location  and  stored.  These 
are  all  10  bits  or  below  and  therefore  only  these  lines  are 
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modified  by  input  converters.  vShom  in  Figure  F  are 
^  seven  digital  to  analog  converters  which  are  presently 

used  for  control  purposes  ^  thin  the  system.  The  ID 
decode  gates  identify  one  of  the  seven  D/A  registers 
:  and  two  lines,  RBi^D  and  RESET,  are  used  to  gate  the 

data  to  that  selected  register.  The  D/A  converter  output 
is  always  present  and  will  change  from  one  level  to  another 
immediately  upon  arrival  of  an  information  change. 

i 

Future  expansion  of  the  readout  requirements  will  likely 
include  the  display  of  several  quantities  with  bit  mag¬ 
nitudes  utilizing  all  23  output  data  lines.  If  decimal 
display  is  desired,  a  binary  to  BCD  converter  will  also 
'  be  required  along  with  numerous  F/F  registers  to  store  the 

information.  Further  studies  will  isolate  these  quantities 
and  no  attempt  has  been  made  for  their  inclusibn  at  the 
present  time. 

3*k*7  Computer  Program 
3*li.7.1  Introduction 

The  purpose  of  this  report  is  to  present  a  computer 
program  which  performs  the  necessary  computations  and  com-  j 

puter  logic,  relatea  to  inertial  navigation  and  flight 
path  control,  and  to  supply  the  appropriate  command 

signals,  thereby,  controlling  the  helicopter  flight  over  j 

a  specified  course.  * 

The  computer  program  consists  of  two  general  areas,  5 

which  are  1)  navigational  computations  and  2)  flight  path  i 

computations.  In  order  to  maintain  a  sufficient  degree  of 
accuracy  the  base  motion  isolation  and  position  tracking 
loop  calculations  will  be  performed  every  cycle.  The 
remaining  navigational  computations  and  flight  path 
computations  will  be  performed  every  other  cycle,  on  an 
alternating  basis  (see  Figure  This  method  is  employed 

to  reduce  the  cycle  time  requirements.  Preliminary  cal¬ 
culations,  based  on  practical  computer  speeds,  indicate 
a  necessity  of  a  cycle  time  of  approximately  1^0  ms.  A 
reduction  in  cycle  time  can  be  obtained  by  dividing  the 
computations  into  additional  branches.  However,  practical 
considerations  fix  the  minimum  level  at  approximate. y 
100  ms. 
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3.ii«7«2  Navigational  Computations  (Reference  Figui'e  li5) 

The  navigational  computations  are  based  on 
utilization  of  a  strapped-^own  initial  navigational 
system  and  consists  of  four  modes  of  operation,  which 
are  as  follows: 

1*  Course  Erection  and  Alignment  (CE  <fe  A)  Mode* 

2'.  Fine  Erection  and  Alignment  (FE  &  A)  Mode. 

3.  Doppler- Inertial  (D-l)  Mode. 

h*  Self-Damped  (S-D)  Mode* 

The  selection  of  a  particular  mode  is  accomplished 
by  the  pilot  through  use  of  the  mode  selector  switch* 

Inasmuch  as  the  helicopter  will  only  be  in  the  GE  &  A 
Mode  while  on  board  ship  (or  on  a  land  base),  the  flight 
path  computations  will  not  be  required  during  this  mode. 
Therefore,  a  cycling  action  can  be  established  with  the 
CE  &  A  Mode  calculations  being  performed  every  cycle. 

This  procedure  results  in  a  continuous  updating  of  the 
initial  direction  cosines,  for  the  base  motion  isolation 
computations,  and  insures  the  effective  utilization  of  all 
output  signals  from  the  accelerometers  and  gyros.  In 
addition,  it  theoretically  allows  the  helicopter  to  re¬ 
main  in  the  CE  A  Mode  indefinitely.  However,  because  of 
a  limited  computer  word  length,  a  maximum  time  limit  will 
be  realized  before  the  acceleration  summation  overflows 
the  computer  word,  resulting  in  erroneous  data.  For 
a  practical  word  size,  a  time  limit  of  approximately  3 
minutes  will  be  realized.  Hence,  the  pilot  should  not  re¬ 
main  in  the  CE  &  A  mode  for  a  period  exceeding  3  minutes. 

For  the  remaining  modes,  the  flight  path  computations 
are  required.  Therefore,  as  stated  in  paragraph  3.1;. 7.1, 
the  computations  will  be  performed  on  an  alternating  basis. 
The  inertial  present  position  quantities  will  be  updated 
every  cycle  by  performing  the  base  motion  isolation  and 
position  traoking  loop  computations.  Inasmuch  as  the 
jremaining  navigational  computations  are  primarily  concerned 
with  the  conversion  of  present  position  information  and  the 
outputting  of  information  that  does  not  require  fast 
updating,  they  will  be  performed  every  other  cycle.  While 
the  navigational  computations  are  being  performed,  the  mode 
selector  switch  will  be  tested.  The  appropriate  branching 
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FLIGHT  PATH  CONTROLLER 
BLOCK  DIAGRAM  -  COMPUTER  PROGRAM 


*Approxiraate  maximum  execution  time  based  on  the  followingt 

108  ms  for  MPT  and  DVP  instructions 
2k  ms  for  all  other  instructions 
12  ms  additional  fpr  indexed  instructions 

FIGURE 
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will  be  performed,  allowing  the  program  to  obtain  the 
appropriate  quantities  for  the  respective  mode. 

When  the  program  is  in  the  FE  &  A  or  D-J  Mode,  the 
application  of  the  doppler  velocities  will  be  required. 

The  doppler  velocities  will  be  averaged  before  they  are 
utilized  to  modify  the  base  motion  isolation  and 
position  tracking  loop  quantities.  The  30  most  recent 
values  for  each  velocity  component  will  be  retained  and 
the  25  most  recent  values  will  be  utilized  in  averaging 
process.  This  process  eliminates  utilization  of  the 
first  5  values,  which  may  be  erroneous.  The  25  most  recent 
values  for  each  present  position  velocity  component  (in  earth 
fixed  coordinates)  will  also  be  averaged.  The  averaged 
quantities  will  bd  utilized  to  perform  the  computations 
pertaining  to  doppler  resolution.  The  averaging  process 
will  not  begin  until  30  consecutive  values  have  been 
obtained  for  the  doppler  velocities.  This  process 
insures  that  the  doppler  velocities  will  be  obtained  over 
approximately  a  5  second  interval  before  they  are  averaged. 

If  the  doppler  signal  has  been  lost,  the  process  will  be 
initialized  and  30  new  values,  for  each  doppler  velocity 
component,  will  have  to  be  obtained  before  the  averaging 
process  will  resume.  The  process  will  remain  in  the 
initialized  state  as  long  as  the  doppler  signal  is  lost. 

The  following  methods  have  been  employed  to  perform 
the  various  functions  encountered  in  the  navigational 
computations.  The  sine,  cosine,  arcsine  and  arctangent 
functions  are  obtained  by  means  of  their  series  expansions. 
However,  to  limit  the  execution  time  to  a  specific  value, 
only  ten  terms  of  the  series  expansion  have  been  employed. 

It  is  felt  that  sufficient  convergence  will  have  resulted 
by  the  tenth  term.  The  Newton-Rhapson  approximation  has. 
been  utilized  for  the  square  root  functions.  Here  again, 
ten  terms  have  been  utilized  in  the  computations.  To 
perform  the  integrations  required  by  the  base  motion 
iaclation  and  position  tracking  loop  computations,  the 
Runge-Kutta  approximation  has  been  employed.  For 
progranwing  illustration,  a  fourth  order  approximation  has 
been  utilized  for  the  base  motion  isolation  computations 
and  a  first  order  approximation  has  been  utilized  for  the 
position  tracking  loop.  The  finalized  cycle  time  and  com¬ 
puter  performailCe  will  dictate  the  requirement  of  first  or 
fourth  order  approximation  for  either  or  both  integration 
procedures.  The  remaining  computations  are  routine 
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arithmetic  functions  and  thus  do  not  present  any 
progranming  difficulties. 

3.U.7.3  Flight  Path  Computations 

The  flight  pattern  is  composed  of  eight  phases  as 
illustrated  in  Figure  For  the  flight  to  the  first 
dunk  point,  the  flight  path  will  be  composed  of  phases 
one,  two,  three,  four,  five  and  six,  in  that  order.  For 
the  flight  from  dunk  point  to  dunk  point,  the  flight 
path  will  be  composed  of  phases  seven,  eight,  four,  five 
and  six  in  that  order.  A  description  of  each  phase  is 
as  follows* 

Phase  1  “  Home  on  dunk  point*  The  bearing  angle  will  be 
tested.  When  the  angle  is  less  than  or  equal  to  an  ar¬ 
bitrary  small  angle,  the  program  will  enter  the  next  phase. 

Phase  2  -  Home  on  dunk  point  and  track  to  a  distance  g 
(equal  to  .7  of  range  from  present  position  to  dunk  point) 
from  dunk  point.  During  this  phase,  the  instantaneous 
wind  components  will  be  summed  and  the  range  to  g  will 
be  tested.  When  the  range  is  less  than  or  equal  to  an 
arbritrary  distance,  the  next  phase  will  be  entered.  At 
the  conclusion  of  phase  two,  the  initial  average  wind 
components  and  the  flight  path  (transition  points)  to 
the  dunk  point  will  be  con5)uted. 

Phase  3  -  Home  on  and  track  to  first  transition  point 
(es,f)g).  During  this  phase,  the  instantaneous  wind 
components  will  be  summed  and  the  range  to  the  transition 
point  will  be  tested.  When  the  range  is  less  than  or 
equal  to  an  arbitrary  small  distance,  the  next  phase  will 
be  entered. 

Phase  U  (Flying  to  first  dunk  point)  -  Home  on  and  track  to 
second  transition  point  (eT>nx)*  range  to  the  transition 

point  will  be  tested.  When  the  range  is  less  than  or  equal 
to  an  arbitrary  small  distance,  the  next  phase  will  be 
entered. 

Phase  lia( Flying  from  dunk  point  to  dunk  point)  -  Home  on 
and  track  to  second  transition  point  (e^,  nj).  The 
instantaneous  wind  components  will  be  summed  and  the  range 
to  the  transition  point  will  be  tested.  When  the  range  is 
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less  than  or  equal  to  an  arbitrary  small  distance,  the 
next  phase  will  be  entered. 

Phase  ^  -  Home  on  dunk  point  and  track  to  a  (iis'tance  b: 
(transition  distance)  from,  the  dunk  point.  The  range  to 
b  will  be  tested.  When  the  range  is  less  than  or  equal 
to-  an  arbitrary  small  distance  the  next  phase  is 
entered,,  At  the  conclusion  of  phase  the  pilot  will  be 
advised  to  engage  the  transition  to  hover  command. 

Phase  6  -  Home  on  and  track  to  dunk  point.  The  range 
to  the  dunk  point  will  be  tested.  When  the  range  is  less 
than  or  equal  to  an,  arbitrary  small  distance,  the  hoyer 
mode  will  be  entered.  At  the  conclusion  of  phase  6,  the 
helicopter  should  be  in  a  hover  position. 

Phase  7  -  Home  on  and  track  to  first  transition  point 

ran^fe  to  the  transition  point  will  be  tested, 
^en  the  range  is  less  than  or  equal  to  an  arbitrary  small 
distance,  the  next  phase  will  be*  entered. 

Phase  8  -  Home  on  second  transition  point  (e^,  hT)* 
bearing  angle  to  the  transition  point  will  be  tested. 

When  the  angle  is  less  than  or  equal  to  an  arbitrary 
small  angle,  the  next  phase  will  be  entered. 

During  the  execution  of  the  flight  pattern,  the  range 
and  bearing  to  the  next  dunk  point,  and.  the  next  fixed  point 
will  be  outputed.  When  the  helicopter  encounters  a  turn 
maneuver,  a  turn  indicator  will  be  turned  on  and  will 
remain  on  throughout  the  turn.  When  the.  helicopter  enters 
a  hover  position,  the  ASE  commands,  and.  the  range  and  bearing 
to  the  next  fixed  point  will  not  be  outputed.  While  in 
the  hover  position,  the  ’’prepare  for  transition**  switch  will 
be  tested.  When  this  switch  is  turned  on,  the  flight  path 
(transition  points)  to  the  next  dunk  point  will  be  computed 
and  the  pilot  will  be  advised  to  prepare  for  takeoff. 

The  program  will  then  enter  phase  ?• 

The  pilot  may  deviate  from  the  prescribed  pattern  by 
executing  one  of  the  pilot  option  switches.  No  action 
will  be  taken  on  the  pilot  option  switches  during  the 
transition  regions  (phases  6  and  7)  or  until  the  initial 
wind  components  have  been  obtained  (after  phase  2),  If 
the  pilot  exercises  an  option  when  the  helicopter  is  .in  a 
hover  position,  the  flight  to  the  new  point  will  be  treated 
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as  a  dunk  point  to  dunk  point,  flight  with  the  new  point 
as  the  next  dunk  point*  If  the  pilot  exercises  an  option 
when  the  helicopter  is  in  a  cruise  mod^,  the  flight  to 
the  new  point  will  be  treated  as  a  flight  to  the  first 
dunk  point  with  an  elimination  of  phase  one  and  a 
modification  of  phase  twoo  The  modification  will  result 
in  phase  two  becoming  a  home  on  dunk. point  (the  new  point) 
type  of  phase  with  a  test  of  the  bearing  angle  being 
conducted.  The  options  available  to  the  pilot  are  as 
follows  t 

a.  He  may  compute  a  new  pattern  based  on  a  new  datum 
point  and  then  fly  to  that  point. 

b.  He  may  fly  to  a  new  point  and  l)  return  to  the 
pattern,  2)  compute  a  new  patter^  with  this 
point  as  the  datum  ppint,  3)  compute  a  new 
patteirn  with  a  new  point  as  the  datum  poin't 

or  k)  i'ly  to  another  new  point. 

c*  He  may  skip  one,  two  or  three,  dunk  points,  as  many 
times  as  feasible,  within  uny  patterp. 

The  new  point  selected  by  the  pilot  must  be  at  least 
^000  yards  from  his  present  position.  Tf  an  incorrect 
point  is  seleetpd  while  the  helicopter  is  a  hover 
position,  an  impossible  flight  path  (overlapping  turn 
circles)  may  be  required*  For  this  case,  the  program 
will  reject  the  selected  point  and  continue  to  fl^^  the 
prescribed  pattern*  If  an  incorrect  point  is  selected 
while  the  helicopter  is  in  the  cruise  mode,  the  flight 
path  to  the  point  will  be  computed.  However,  the 
helicopter  may  be  required  to  make  a  180°  turn  and  fly 
to  the  transition  point,  thus  encountering  the  transiton 
point  at  the  incorrect  angle  or  home  on  an  impossible 
transition  point,  causing  the  fcislicopter  to  continue  flying 
a  circular  pattern. 

The  first  dunk  point  of  the  pattern  will  h®  stored  in 
the  computer  twice  (points  A  &*b).  This  will  insure  that 
the  prescribed  pattern  is  executed.  If  the  flight  to  the 
first  dunk  point  (point  A)  results  in  the  accumulation 
of  an  appreciable  position  error,  causing  th(^  helicopter 
to  miss*^  the  first  dunk  point  by  an  appreciably  amount, 
the  next*  dunk  point  selected,  after  insertion  of  a  pos¬ 
ition  fix,  will  be  the  first  dunk  point  (point  B)  and  the 
pattern  will  continue  from  there*  If  no  appreciable 
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position  error  has  been  accumulated,  the  first  dunk  point 
(point  B)  will  be  rejected  and  the  pattern  will  continue 
with  the  second  dunk  point. 

If  an  impossible  flight  path,  due^to  position  <»rrors, 
is  obtained  during  the  dunk  point  to  dunk  point  computations, 
the  dunk  point  will  be  rejected  and  the  ..subsequerit  dunk  points 
will  be  chosen*  The  pattern  will  continue  from  this  point. 

3.U*7.i|  Program  Outline 

A  generalized  program,  outline  is  contained  below.  To 
supplement  this  outline,  a  generalized  flow  diagram  has 
been  prepared  and  is  contained  in  Figure  ii7.  The  intent 
of  this  outline  is  to  give  the  reader  an  over-all  picture 
of  the  program  flow  during  the  various  phases  of  fli^t. 

Thus,  specific  detail  regarding  the  computations  and  the 
testing  and  branching  instructions  has  been  avoided* 

The  following  outline  is  a  generalized  description 
of  computer  program: 

1*  Biead  manual  inputs  -  A  read  cycle  will  be  established 
to  read  the  manual  inputs*  After  insertion  of  the 
sixteenth  input,  the  program  will  halt*  The 
prograin  resumes  with  depression  of  the  start  switch* 

2*  Initialize  -  Initialization  is  composed  of  three  areas 
as  follows ! 

a.  The  initial  conditions  for  Coarse  Erection  & 
Alignment  mode  are  computed. 

b.  The  Initial  conditions  for  starting  the  program 
are  established. 

c.  The  initial  conditions  preceeding  the  dunk 
pattern  computations  are  established. 

3*  Oorapute  and  store  dunk  pattern  -  After  computation  of 
the  dunk  pattern,  a  test  is  made  to  determine  whether 
the  pattern  was  computed  in  a  cruise  mode  or  hover 
mode.  If  computed  in  a  cruise  mode,  program  continues. 
If  computed  in  a  hover  mode,  program  branches  to  step  23* 

I4.  Read  and  store  inputs. 
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5*  The  scale  factors  and  bias  terms  are  applied  to  the 
accelerometer  and  gyro  inputs. 

6.  The  mode  selector  switch  is  tested.  If  the  switch 
is  in  the  CE  &  A  mode,  program  continues,  otherwise 
the  program  branches  to  step  8. 

7.  The  CE  &  A  calculations  are  performed.  Tfftien  the 
calculations  have  been  completed,  the  program  branches 
back  to  step  U* 

8.  The  Base  Motion  Isolation  (BMI)  and  Position  Tracking 
Loop  (PTL)  calculations  are  performed. 

9#  A  test  is  performed.  If  navigation  output  calculations 
are  desired,  program  continues.  If  flight  path 
calculations  are  desired,  program,  branches  to  step  21. 

10.  The  navigation  output  calculations  are  performed. 

11.  The  mode  selector  switch  is  tested.  If  the  switch 
is  in  the  Self  Dlmpir^  mode,  the  program  branches  to 
step  19,  otherwide  it  continues. 

12.  The  ]o3t  doppler  switch  is  tested.  If  the  doppler 
signal  has  been  lost  the  program  branches  to  step 
19  otherwise  it  continues. 

13*  The  doppler  velocities  are  computed  and  stored  in 
sequential  stprage  locations.  The  3^  recent 
velocities  are  retained. 

m.  A  test  is  performed  -  If  30  consecutive  doppler  vel¬ 
ocities  h^(ve  been  obtained,  the  program  continues. 
Otherwise,  the  count  is  incremented  and  the  program 
branches  to  step  20. 

15.  The  25  recent  doppler  velocities  are  averaged  and 
the  doppler  resolution  computations  are  performed. 

16.  The  mode  selector  switch  is  tested.  If  the  switch  is 
in  the  Fine  Erection  and  Alignment  (FE  &  A)  mode, 
the  program  oontiruxes.  If  the  switch  is  in  the 
Doppler  InertiAl  (D-I)  mode,  the  program  branches 

1^0  step  18. 
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17#  The  damping  coefficients  for  FE  &  A  mode  are  obtained 

and  the  program  branches  back  to  step  1^* 

18#  The  damping  coefficients  for  the  D«-I  mode  are  ob¬ 

tained  and  the  program  branches  back  to  step 

15^,  The  doppler  count  is  initialized. 

20.  The  damping  coeffic4.ent3  for  the  S-D  mode  are  ob¬ 
tained  and  the  program  branches  back  to  step 

21.  A  test  is  performed  -  If  a  test  o^*  the  pilot  option 
switch  is  desired,  the  program  continues.  If  no  test 
is  desired,  the  program  branches  to  step  2l|. 

22.  The  pilot  option,  switch  is  tested.  I^e  available 
options  and  appropriate  branches  are  as  follows* 

a.  Compute  new  pattern  (executed  in  a  cruise 

pr  hover  mode)  -  The  appropriate  datum  point 
is  selected  and  the  program  branches  back 
to  step  2G. 

b.  Skip  points  or  select  new  point  (executed  in  a 
cruise  mode).  -  The  appropriate  pattern  modi¬ 
fications  are  performed  and. the  program  branches 
back  to  step  li. 

c.  Continue,  no  option  selected  (executed  in  a  cruise 
mode)  -  The  program  branches  to  step  2h* 

d.  Skip  points,  select  new  point,  or  continue  (executed 
in  a  hover  mode)  -  The  appropriate  pattern  modifi¬ 
cations  are  performed  and  the  progranj  continues. 

23.  The  fligh-t  paib  (based  on  the  craft  bein^  in  a  hover 
mode)  to  the  next  dunk  point  is  calculated*  The  pro¬ 
gram  thet>  branches  to  step  29. 

2k  •  The  range  bearing  to  the  next  dunk  point  are 
computed  and  outputed. 

25*  A  test  is  performed.  If  the  craft  is  in  a  hover  mode, 
the  prograia  branches  to  step  30.  If  in  a  cruise  mode, 
the  prograin  continues. 
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26.  '  The  range  and  bearing  to  the  next  transition  point 

and  the  ASE  commands  are  computed  and  outputed* 

27*  The  range  (or  bearing)  is  tested.  If  the  range 
(or  bearing)  is  less  than  or  equal  to  ^  (  or^), 
the  program  continues.  If  it  is  greater  than 
J  (ory),  the  program  branches  back  to  step  h* 

28#  A  phase  test  is  performed*  (Reference  Figure  1|6) 

Tlie  appropriate  branches  are  as  follows  s 

a.  If  the  program  is  in  phas^  1,  3,  U,  7  or  8, 
preparations  for  the  next  phase  are  performed 
and  the  program  branches  to  step  29. 

b.  If  the  program  is  in  phase  2,  the  flight  path 
(based  on  the  craft  being  in  a  cruise  mode) 
to  the  next  dunk  point  is  calculated.  The 
program  prepares  for  the  next  phase  and  branches 
to  step  29.  - 

1  c..  If  th^  program  is  in  phase  the  ^'engage  trans¬ 

ition  to  hover”  indicator  is  turned  on.  The' 
program  prepares  for  the  .next  ^ihase  and  branches 
to  step  29* 

d.  If  the  program  is  phase  6^  a  dxink  point  indication 
is  given  and  the  program  branches  to  step  30. 

29*’  ihe  program  enters  the "next  phase  and  branches  back 
to  step  it* 

30.  The  “prepare  for  transition”  switch. is  tested.  If  the 
switch  is  off,  the  program  branches  bapk  to  step  It. 

If  the  switch  is  on,  the  program  prep^ires  for  a 
transition  to  cruisp  and  branches  back  to  step  It. 

3  .It . 7 . 5  Flow  Diagram 

A  detailed  flow  diagram  for  the  computer  program  is 
combined  in  Drawing  SK  52223  and  a  list,  of  program  control 
variables  appears  in  Table  10.  The  box  numbers  referred 
to  are  those  contained  in  the  navigational  loop  block 
diagram.  Drawing  SK  52200.  This,  floif  diagram  gives  a 
detailed  description  of  the  actual  cqmputer  program,  there¬ 
fore,  it  contains  all  the  appropriate  testing,  branching 
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and  initializing  conditions*  To  perform  the  appropriate 
tests  and  to  execute  the  appropriate  branches,  various 
control  variables  have  been  utilized'  and  are  contained 
in  the  "Program  Control  Variables"  proceeding  Drawing 
SK  52223*  Inasmuch  as  the  specific  coding  format  for  the 
program  will  be  dictated  by  the  particular  choice  of 
computer,  a  detailed  computer  program  has  not  been 
included  in  the  report*  However,  preliminary  programs  have 
been  written,  utilizing  the  symbolic  programming  language 
for  the  IBM  7090  computer*  From  these  preliminary 
programs,  it  appears  that  the  final  program  will  contain 
approximately  3000  instructions  and  approximately  1000 
data  storage  locations*  In  programming  the  arithmetic 
computations,  fixed-point  arithmetic  programming  is  being 
utilized  in  preference  to  floating-point  arithmetic 
programming,  because  of  the  faster  computer  speeds 
attainable  with  the  fixed-point  method* 

TABLE  10 

PROGRAM  CONTROL  VARIABIES 


I  •  G  omputer  Generator 


Variable 

State 

Function 

J 

«  1 

In  Phase  one 

of  Flight  Path 

-  2 

In  Phase  two 

of  Flight  Path 

-  3 

In  Phase  three 

of  Flight  Path 

-  h 

In  Phase  four 

of  Plight  Path 

-  ^ 

In  Phase  five 

of  Flight  Path 

*  6 

In  Phase  six 

of  Flight  Path 

-  7 

In  Phase  seven 

of  Flight  Path 

-  8 

In  Phase  eight 

of  Plight  Path 

IW 

-  0 

Computation  of  initial  wind  components  not  desired 

-  1 

Computation  of 

initial  wind  components  desired 

PO 

-  0 

Testing  of  Pilot  Options  not  desired 

«  1 

Testing  of  Pilot  Options  desired 

HP 

-  0 

Graft  in  Cruise 

mode 

- 1 

Craft  in  Hover 

mode 
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Table  10  (Cont*d.) 

Variabl©  State  Function _ _ 

JH  «  0  Test  on  Range  Magnitude  desired 

«  1  Test  on  Bearing  Magnitude  desired 

“  0  Summation  of  Instantaneous  wind  components 
not  desired 

*  1  Summation  of  Instantaneous  wind  components 
desired 

NX  *  0  Initial  Dunk  Pattern  Computed 

“  1  New  Dunk  Pattern  Computed  -  In  cruise  mode 
“  2  New  Dunk  Pattern  Computed  -  In  hover  mode 

FP  «  0  Navigation  output  Calculations  desired 

»  1  Flight  Path  calculations  desired, 

I  Duiik  Point  Index 

M  Total  No,  of  Dunk  Points 

LM  Total  No.  of  Instantaneous  Wind  Components 

summed 

DA  No,  of  Doppler  Velocities  obtained,  (When 

DA  »  30,  averaging,  of  Doppler  Velocities 
]Degj.ns). 

II,  Inputed 

The  following  functions  will  be  contained  in  a  test  word, 
which  will  be  altered  (if  so  desired)  every  cycle.  Testing 
of  appropriate  function  is  accomplished  by  testing  appropriate 
portion  of  test  word.  Initiation  of  a  particular  function  is 
indicated  by  a  **1*^  ip  the  respective  bit. 

Mode  Selector  (Only  one  bit  will  contain  a.  "1”  at  a  given  time) 

GE  &  A  mode  Bit  1 

FE  &  A  mode  Bit  2 

D-I  mode  Bit  3 

S-D  mode  Bit  li 
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Lost  Doppler  Switch  Bit  5 

"0^^  Bit  -  Doppler  Signal  Present 

Bit  -  Doppler  Signal  Lost 

Prepare  for  Transition  Switch  Bit  6 

Bit  -  Switch  Off 

’1  ’  Bit  -  Switch  On 

Pilot  Option  Switch  (Only  one  bit  will  contain  a  ”1’*  at  a 


given  time ) 

Continue 

(c.p.) 

Bit  7 

Skip  one  dunk  point 

(SI) 

Bit  8  : 

Skip  two  dunk  points 

(S2) 

Bit  9  ! 

Skip  three  dunk  points 

CS3) 

Bit  10  1 

Select  new  dunk  point 

(N.D.) 

Bit  11  ; 

Compute  new  pattern 

(C.N.P.) 

Bit  12 

3*i4*7*6  It  must  be  borne  in  inind  that  this  program  is  of 

a  preliminary  nature*  A  certain  degree  of  modification 
will  undoubtedly  be  required  before  the  program  can  be 
finalized.  In  addition,  changes  in  the  flight  path 
control  requirements  will  certainly  require  programming 
j  changes.  Finally,  changes  will  be  required  to  fit- the 

*  program  to  the  actual  computer  utilized.  Although  this 

;  particular  program  has  not  been  run  on  a  computer,  it 

I  is  felt  that  with  appropriate  change  to  the  input-output 

i  instructions  and  any  necessary  modifications,  meaningful 

j  results  can  be  obtained. 
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3*5  General  Sysrtems  De^slgi 

3 . 5  •  1  Intro  ductl  on 

The  detail  design  in  several  general  areas  was 
performed  including  an  error  analysis,  an  analysis  of  GFE 
equipment,  a  power  supply  design,  a  sensor  trade'  off  study 
and  the  electronics  package  design. 

The  error  analysis  defines  the  position  error  of  the 
navigation  system  during  the  first  hour  of  flight  and  during 
each  hour  of  pure  inertial  navigation. 

The  analysis  of  Government  Furnish  Equipment  (GFE) 
describes  the  equipment  required  by  the  FPC  and  their  poten¬ 
tial  interface. 

The  FPC  power  supply  is  described  including  the 
power  requirements  and  a  list  of  conunercial  and  integral 
power  supplies  required  for  the  flight  test. 

A  study  is  included  outlining  the  feasibility  and 
practicality  of  using  the  strapped  down  sensors  for 
stabilization  purposes*  The  electronics  equipment  console 
design  is  described  and  design  layouts  are  incltuied. 

3  *5#  2  Conclusions 

The  position  errors  in  the  Flight  Path  Control  naviga¬ 
tion  are  generally  caused  by  the  following: 

a.  Inertial  instruments — ©rros,  accelerorneters 

b.  Pulse  torque  amplifier  electrcnics 

c.  Incorrect  erection  and  alignment 

d.  Digital  computer  errors 

An  analysis  of  the  errors  indicates  that  a  7*5  nautical 
mile  (root  sum  square)  error  in  position  during  the 
first  hour  of  f  li^t  from  a  moving  base  will  be  accumulated. 
There  will  be  a  6.2  nautical  mile  (RSS)  error  during  eadi 
hotar  of  flight  in  a  pure  inertial  navigation  mode.  These 
errors  result  primarily  from  the  gyro  drift  rate  shift.  It 
was  assumed  that  the  tactical  operating  environment  prevented 
periodic  calibation  of  the  gyros.  The  gyro  drift  rate  shift 
will  be  portibn^ly  conqpensated  during  fine  erection  and 
alignment  by  the  doppler  velocity  signal  resulting  in  a 
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reduction  of  the  eiTor*  As  a  comparison  an  inertial 
platform -will  ba Ye  a  s:Lmilar  position  error  when  periodic 
cali’aration  is  iir^jracticalo 

Assuming  that  the  flight  test  will  be  performed  using 
a  SH-3A,  the  gavernment  furnished  equipment  shall  be  on 
AN*APN130j  Doppler  Radar,  a  T:rue  Airspeed  Transducer, 
an  AN/APN117  Radar  Altimeter,  a  Barometri.c  Altimeter  and 
several  Oo-pilot  Display  Instruments.  The  FPC  power  supply 
will  require  the  following  voltages: 


a# 

100  VDC 

e. 

b. 

33  VDC 

f. 

c  * 

24  VDC 

g* 

d. 

12  VDC 

h. 

+  6  VDC 
-  12  VDC 
«  6  VDC 

26,  UOO  cps,  3  0 


It  will  consist  of  three  commercial  D.  C.  supplies,  two 
HSED  D*  C,  supplies  and  the  UOO  cps  A*  C*  supply. 

The  utilization  of  the  inertial  navigation  sensors 
to  provide  stability  augmentation  signals  will  result  in  a 
cost  reduction  of  approximately  $3,000  over  a  system  ^ich 
incorporates  separate  inertial  sensors  and  stability  aiogmen- 
tation  sensors. 


A  series  of  standard  electronic  modules  are  being  vaed 
in  the  HSED  supplied  equipment.  These  modules  are  j^ysically 
large  >diich  has  necessitated  a  large  electronics  package. 

The  electronics  package  has  been  divided  into  six.  consoles 
and  a  pilots  control  panel#  The  coiribined  weight  of  these 
assemblies  is  550  pounds#  ' 


Error  Analysis 

A  detailed  error  analysis  of  the  sjdiem  was  performed 
to  assist  in  establishing  component  specifications  and  to 
predict  the  over -all  system  errors  during  various  modes 
of  operation#  The  sources  of  error  in  the  strapped-down 
inertial  navigational  system  proposed  by  HS  may  be  divided 
into  five  categories#  . 


1#  Construction  errors  such  as  mechanical  alignment# 

2#  Errors  in  knowledge'  of  precise  geodetic  information# 

3#  Errors  in  mechanization  -  instrument  errcrs# 

U*  False  information  errors  —  gravity,  erection,  alignment. 
5.  Errors  in  data  handling  -  computer  errors. 
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Construction  Errors  and  Geodetic  Information  Errors 

In  general  these  errors  are  quite  smll  and  will  be 
neglected,  HS  proposes  a  medianical  alignment  method  by 
use  of  which  appropriate  corrections  are  applied  to  the 
alignment  of  accelerometer  and  gyros#  The  resulting  position 
error  is  negligible* 

The  ellipsoidal  model  represented  by  ,E,  and  the 

gravity  correction  functions  F  (U,  P)  and  H  (U,  P)  give 
a  satisfactory  account  of  the  variation  of  the  gravity  vector 
over  the  surface  of  the  Earth  so  that,  the  resulting  position 
and  velocity  errors  may  be  neglected. 

3#5#3. 2  Instrument  Errors 

The  major  error  contributors  of  the  system  are  the  gyro, 
accelerometers  and  pulse  torque  amplifiers* 

3*^* 3.2,1  Gyro  Errors 

The  linearity  of  scale  factor,  threshold  and  drift 
rate  are  the  contributing  factors  to  gyro  errors*  Linearity 
errors  are  negligibly  small  because  HS  utilizes  the  gyros 
in  a  null  seeking  loop  in  which  the  pulse  torque  amplifier 
is  continuously  torquing  the  pendulous  element  to  a  null 
position*  Threshold  errors  are  also  negligible  with  the 
state-of-the-art  gyros* 

Drift’'  errors  are  a  very  serious  problem  in  the  strapped 
down  inertial  navigational  system  which  is  required  to 
provide  navigational  information  over  extended  periods  of 
time* 


Drift  is  caused  by  erroneous  torques  acting  about  the 
output  axis  and  causing  the  spin  axis  to  process  according 
to  the  equation 


^e>  -  JZl  =  ~r  ^  T 

yhere  ^  j.-x  j.  f’ 

drift  rate 

I  =  MK2  -  moment  in  inertia  about  the  spin  axis 
R  «  radius  of  gyration  about  the  spin  axis 
f  *  frequency  bf  the  power  supply  to  the  motor 

P  ■  number  of  poles  of  the  rotor,  usually  2  or 

T  *  torque 

H  «  angular  momentum 
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From  the  above  equation  of  drift,  one  concludes  that  angular 
momentum  must  be  high  in  order  that  didiit  be  xninimizied. 


To  increase  H,  eigher  I  or  W  or  both  must  be  increased* 
”1”  is  made  large  by  utilizing  higi  density  material  for  the 
rotor  and  hy  building  the  gyro  motor  inside-out  so  that  K 
becomes  large*  varies  from  12,000  to  21;, 000  rpm* 

The  erroneous  torques  which  cause  constant  drift 
originate  from  many  sources  as  shown  below; 

A„  Non  acceleration  sensitive 

1.  Elastic 

2*  Viscous  Coupling 

3*  Magnetic 

U.  Non-orthogonality  of  suspension  axis 

B ,  Acceler  at  ion  Sensitive 

!•  Mass  unbalance 

2.  Compliances  or  deflection 

3.  Temperature 

U*  Fluid  torque 

The  erroneous  torques  -vihidi  cause  random  drift  originate 
from  the  foliowring  sources: 

1.  Friction 

2*  Giirbal  balance  instability 

3.  Instability  in  elastic  coupling  -  hysteresis 

U.  Suspension  fluid 

.  3 • 2 . 2  Accelerometer  Errors 

Resolution,  scale  factor  stability,  threshold  bias 
stability  and  cross  coupling  are  the  major  causes  of  acceler¬ 
ometer  errors. 

Resolution  errors  are  negligible  because  HS  is  using 
accelerometer  with  electromagnetic  pick-off  have, 

theoretically,  infinite  resolution* 

Pick -off  scale  factor  cause  acceleration  errors 
proportional  to  the  input  acceleration. 
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,  .  Threshold  errors  appear  as  constant  acceleration  errors 

but  are  effective  at  all  times  during  system  operation* 

Cross  coupling  errors  and  vibropendulous  errors  are 
very  similar.  The  instantaneous  cross  coupling'  errors 
may  be  largely  due  to  the  mechanism  of  pulse  torquing  employed. 
Effectively  the  accelerometer  will  swing  around  the  null 
point  with  a  frequency  of  1  KG, 

All  of  the  above  influences  are  minimized  by  the 
accelerometer  designer.  HSED  has  designed  a  control  to 
regulate  teirperature  to  within  satisfactory  limits,  .1®F, 

5*3*  2*3  Pulse  Torquing  Amplifier  -  PIA  Errors 

The  PTA  errors  are  primarily  caused  by  granularity, 
torquer  scale  factor  stability,  non  equivalency  of  positive 
and  negative  pulses  and  servo  errors* 

There  is  one  pure  integration  in  the  PTA  loop  aid  con¬ 
sequently  step  inputs  result  in  no  steady  state  errors. 

For  ramp  inputs  the  resulting  servo  error  is  proportional 
to  the  input  and  inversely  proportional  to  the  loop  gain. 

This  servo  error  is  very  small  with  the  existing  high  loop 
gain  of  the  FTA. 

The  pulse  granularity  error  exists  because  the  PTA 
does  not  have  infinite  resolution.  The  PTA  output  will 
only  chafige  in  incremental  steps  controlled  by  the  ^stem 
clock.  Hence  for  small  input  increments  no  output  torque 
is  indicated* 

The  torque  generated  by  the  PTA  is  given  by 

T *  Kpc  {^f'f 

where  Instrument  Torquer  Scale  Factor 

Kpc  PTA  Scale  Factor 

^pp  Magnitude  of  Positive  Current  Pulses 
Kpn  Magnitude  of  Negative  Current  Pulses 

It  can  be  seen  that  PTA  average  output  current  insta¬ 
bility  (variations  in  Kp^)  manifest  itself  as  an  error 
source.  The  inequf.valency  of  Kpp  and  Kp^  result  in  a 
bias  term  being  present  in  the  torque  output  from  the  PTA. 

This  inequivalency  at  present  is  manifested  as  an  instrument 
bias  error*  These  two  PTA  errors,  scalefactor  instability 
and  bias,  will  be  added  to  instrument  errors* 
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i  3.5.3.2.U 

i 


I 


3.5.3. 3 


Erection  and  Alignment  Errors 

The  desired  erection  in  the  strapped-down  system 
considered  is  a  vertical  reference  within  20  seconds  of 
arc  from  the  true  vertical*  The  20  seconds  of  arc  con¬ 
tributes  to  position  errcxr  by  coupling  a  portion  of  the 
g  vector  to  the  input  of  the  Schuler  loop*  This  results 
in  9  position  error  as  a  function  of  flight  time*  Before 
the  system  is  erected  to  the  desired  vertical,  it  must  go 
through  a  coarse  and  then  a  fine  erection  phase.  During 
this  time  a  large  velocity  and  position  errors  are  accumu¬ 
lated.  Coarse  erection  (5  minutes)  brings  the  system  to 
within  2^  from  the  true  vertical*  During  1he  fine  erectAon 
the  2®  eCTor  is  reduced  to  20  seconds  of  arc.  The  accumulated 
position  error  at  the  end  of  fine  alignment  will  contribute 
to  the  system  error* 

The  desired  alignment  in  this  application  is  a  north 
reference  within  7  milliradiians  from  true  North.  Co^se 
alignment  brings  the  i^stem  to  within  1*  from  North  and 
fine  alignment  will  decrease  the  1*  error  to  7  railllradians* 
The  accumulated  position  error  due  to  coarse  and  fine  align¬ 
ment  will  contribirbe  to  the  system  error* 

Position  Error  Equaticai 

The  list  of  position  error  equations  following,  will 
be  used  for  error  computations*  There  are  two  equations 
derived  for  each  error  source.  One  is  Schuler  tuned  and 
the  other,  non-Schuler.-  The  criteria  as  to  which  of  the 
two  equations  will  be  used  vAependson  the  time  involved. 
Generally  the  non-Schuler  will  be  used  time  is  small. 

(See  Figure  below) 


For  large  periods  of  time,  the  RM5  value  of  the  Schuler 
equation  will  be  used* 
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3 • ^ • 3*  3  *1  Error  Equations 
Gyro  Drift 

“  2"  ^  ^  (Non-Schuler  Tuned) 

Ax  = 

Accelerometer 

0-  cos}%t) 

Erection 

=  -4  -6^ 

A'x.  =  RAe  CoS  -6 

Alignment 

A'/  =  f  ^ 

A-X 


3.^.3*U  Position  Error  for  One  Hotjt  Flight 

The  position  error  during  one  hour  of  fli^t  will 
be  computed  based  on  the  RMS  value  of  the  Schuler  equations ♦ 

3.5*3*U*1  Assumptions 

The  following  assurr^Dtions  are  made  to  arrive  at  a  typical 
error  value. 

a.  The  accelerometer  error  coefficient  can  be  calculated 
from  an  assumed  average  input  acceleration  of  2  X  10“3g 
acting  constant  for  one  hour# 

b#  The  accelerometer  PTA  error  coefficient  can  be  calculated 
from  the  strapped  down  analysis  and  an  acceleration  of 
2  X  lCr3g,  In  addition,  the  impulse  term  will  be  assumed 
equal  to  zero  in  this  calculation. 


(rOj cos  >^<■■15^)  SlvV^  ^1 


(Schuler-Tune  d) 
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c<»  The  gyro  effective  drift  rate  is  constant  for  one 
hour  and  equals  to  ,l®/hour« 

d.,  The'  gyro  PPA  error  coefficient  can  be  calculated 
from  the  strapped  down  analysis  and  from  an  assumed 
average  turning  rate  of  2®/sec,  for  one  hour#  In 
addition,  the  impulse  term  will  be  taken  as  equal 
to  zero  contilbation  in  this  calculation. 

e#  The  vdhicle  velocity  is  negligible  compared  to  the 
Earth’s  velocity# 

f.  The  helicopter  has  a  Latitude  »  0  so  that  RW^  cosX*  900 
N#  M./hour. 

g.  The  Schuler  equations  can  be  adequately  represented 
as  follows: 

Accelerometer:  -  -  ”  V % 

Gyro:  —  —  —  -*  ^ 

Erection: - -  AXe  *  ^707 

Alignment:  —  —  Axa  »  # 707 A/V CoS?^ -t 
where 

R  =  3.5  X  10^  N.  M, 
g  *  6.7  X  10^  N,  M./hr.^ 

Wg  *  10*^ /hour 

h#  The  PTA  imperfections  will  be  converted  to  equivalent 
accelerometer  and  gyro  errors# 

3.0.3«U*2  Position  Error  Calculation 

The  position  error  will  be  computed  as  follows: 

=  Aa,cc  +  Af^A  +  -f  +  6  i-  H 
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where 


«  Position  Error 

Acc  X  Error  caused  by  accelerometer 
ApTA  *  Error  caused  by  accelerometer  PTA 
*  Error  caused  by  gyro  drift 
corrA  =•  Error  caused  by  gyro  PTA 
O  =  Error  caused  by  Erection 
H  -  Error  caused  by  alignment 


a*  Accelerometer  contribution 

=  830  =  I.AT^  I  ^ 

b, ,  Accelerometer  PTA  contribution 

AfTA  -  AA/ta 


•  0003  NH 


c#  Gyro  Dzlft  Contribution 

^DS  =  O^dR^  -  {l~f3  3’-  +rx/o^N.M.)  (i  hout) 

-  \i>/  I 


d,  Qtyro  FTA  Contribution 

r  1.-45  v.A^J 


e ♦  Erection  Cont  ribution 

Q  =  .7(?7/^A6  =  07cr)(3.^S'//C^f/.M.)(/0'‘^/fl>/>. ) 

~  I  I 

f  ♦  Alignment  C ont ribut i  on 

n  =  i707AHy^^  (/?^eC0S7.  +  ir^f)^(7e7j(^/«'l^l27)f^J 
”  Ag>/  X*0  (e-qo^reK) 


The  resultant  position  error  is  the  arithemetic  sum. 


3-201; 


HSER  26^3 


! 


/liX  -  ^ACC  +  A'iiaxcprA  ^  ^y-%  ^  ^  ^9pr/t  +  i-AOCc^ 

=  (./5>y,j  +(-0003)  i-  a-/)  +(.41)  +(>7s)  -h^/.o/) 

■=■  y,  I  c/oir/i^^  ohe  heoir 

SoiTK  of  the  error  sources  have  a  probability  of  occurrence 
associated  with  them^  Taking  the  root  sum  square  of  the 
errors: 


0/86  +  0  +  ?7-/  +  .mz  +  -ooi  +  />2/ 

-  1/39.S7  =• 


hfict^soi^  •*  siwitfni  etrot 


The  root  sum  square  error  indicates  clearly  that  the  gyro 
drift  rate  is  the  major  error  source. 

Position  error  during  the  first  hour  of  flight. 

3t5  •3*5*1  General 

This  section  sums  the  position  error  dtudng  the  first 
hour  of  flight  which  includes  erection  and  alignment.  This 
period  of  60  minutes  is  divided  into  3  phases  of  operation 
and  the  error'  accumulated  during  each  phase  is  computed. 

The  CEP  of  the  system  starts  as  soon  as  the  helicopter  takes 
off.  Coarse  erection  and  alignment  errors,  therefore, 
will  hot  be  added  to  the  CEP  error* 
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Error  btdld  up  due  to  error  in  ship's  velocity  during 
coarse  alignment . 


Error  build  up  due  to  misalignment  ±  1**',  erection  of 
1  minute  of  arc  and  undan^Ded  gyro  drift  errors  ■ 


2*A. 


Error  is  damped  by  the  2%  doppler  input 
=■  erection  »  20''  arc,  alignment 


7  X  10“^^  radians 


^••error  is  due  to  undaiiped  gyro  drift  error  W(i  =  *2*^ 

The  period  of  time  from  the  instant  power  is  turned  on- 
coarse  alignment  begins  -  up  to  65  minutes  later  is  divided 
into  1|  phases  of  operation# 

giase  one,  begins  ab  t  »  -5  minutes  and  ends  at  t  -  0* 

Tiius,  5  minutes  are  allowed  for  coarse  erection  and  ^align^ 
ment  for  accuracies  of  ±1*  heading  and  1  minute  of  arc 
vertical  error#  Eirror  builds  xcp  due  to  ship's  velocity 
error  but  will  not  be  included  in  the  system  error#  ^stem 
performance  error  begins  to  accumulate  at  t  *  0# 

Ihase  two,  begins  at  t  ==  0  and  ends  at  t  »  2  minutes.  At 
t  *  0  the  helicopter  takes  off,  climbs  and  levels  off. 

At  t  »  3  it  will  be  located  approximately  within  1  N.  M# 
from  the  point  of  takeoff#  The  error  builds  up  due  to 
misalignment  and  miserection* 

Blase  three,  begins  at  t  -  2  and  ends  at  t  =*  32  minutes# 

This  is  the  period  of  fine  alignment  using  doppler#  At 
t  *  32  minutes  the  system  will  be  aligned  to  7  milliradlans 
erected  to  20  seconds  of  arc#  The  error  during  phase 
three  is  due  to  gyro,  acceleromgter,  miserection,  misalign¬ 
ment,  and  doppler  radar. 

fliase  four  3  begins  at  t  *  32  *and  ends  at  t  «  60  minutes# 

During  tliis  period  the  system  is  operating  in  pure  inertial  mode. 
The  P.  E#  diagram  indicates  position  error  vs#  time  for 
four  phases#  The  error  during  0  1  will  not  be  Included  in 
the  circular  error  probability  (CEP)  calculation# •  The  one 
hour  period  will  consist  of  phases  two,  three  and  four# 
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3*5-3*5#2  Phase  Two  (  0  2)  error 

The  gyro  drift  rate,  misalignment  and  miserection  errors  are 
confjidered*  All  other  sources  of  error  are  neglected  during 
this  period  of  only  3  minutes#  The  values  of  the  significant 
parameters  are: 

AO  «  1  minute  arc  «  2.9  x  10*’^'^  radians  *  1  N.  M, 

AH  «  1®  i^stem  is  slewed  to  helicopter *s  compass 
^  *  3  minutes 

V  r=  30  knots  =*  66  ft/sec.  =  9  x  10“^  radians/hour 

'X  -  1.5  N.  M#  diiring  3  minutes 

60c^  *  .2®/'h  =»  3*3  X  lO"^^  radian/hour 

63e  *  .26  R/hour  at  the  equator 

g.  *  32  ft/sec^  =  6.7  X  10^  N.  M./hr'^ 

The  non-Schuler  equations  will  be  used  since  the  time 
involved  is  only  3  minutes. 

3x/0~^^  X  ^ 

2  ^  x(3o/  6 

=  ,013  -+-.007  +  .0007  s  1,02/  A/.  H- 1 


3.5«3»5*3  Phase  Three  t0  3)  Error 

During  0  3a  perfect  doj)pler  will  reduce  erection 
and  alignment  errors  to  20”  of  arc  and  7  milliradians 
respectively.  Hence  the  phase  three  error  will  be  a  function 

^ 

of  gyrodrift  rate,  miserection,  misalignment,  acceleroireter 
errors  and  doppler  errors.  Significant  parameters  are 
listed  on  the  following  page. 
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»  20”  arc  »  9.8  x  10  ^  radians 
A/y  -  7  X  10"^  radians 

60V  “  .iV^  *  1*73  X  10“^  radians/hour  including  gyro 
PTA  effect 

Aa  «  6  X  10”^g  including  accelerometer  PTA  effect 

"IT  100  knots  »  220  ft/sec. 

For4dand^A'  the  Schuler  equations  (RMS)  will  be  used. 
For4^and4A  non-Schuler  equations  will  be  used. 

-  .707  X  3-S-)i/o\/o'*-h  .707  X  .277  V^'t,  7X/»'^+  /.//  x/o'tif 

-  i-l.ll  -h  7.iS‘+  <0S/  =■  \3.8S 77. M. 


So  far,  we  have  assumed  a  perfect  doppler. 

Doppler  errors  will  be  Introduced  and  will  be  converted 
to  equivalent  ‘  ndserection  and  misalignment  effective 
during  0  3*  Assume  a  2%  doppler,  then  doppler 
velocity  error  during  0  3 

=  |g  A/.M. 


=  .5  (hovir)^i^  for  doppler  error  frequencies 
nf  10  radians  per  hour  (¥orst  case)  and  ^  «  6  minutes 
erection  system  time  constant  —  settling  time  * 
a  30  minutes  =■  fine  erection  time 

A6^  =»  X  2  =*  1  N.  M.  x2.9  x  10"^  radians/N.  M* 

»  2.9  X  10-U  rad. 

AHj  =  1  hour 

»  2  N.  M*  X  .2# 9  X  10  ^  radlans/N.  M.  »  x  10"^  radians 
Substituting  and  into  the  RMS  Schuler  expressions: 
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AOti, 


lopp. 


^7o7fi^6j  +  rto7y^(^a)t+^) 

|.  g’3 


=  .738  -t  '<5‘?Z 


’.M. 


Adding  and  get  the  total  error  during  0  3» 

^0L(p^  =:  3^en^^63zr 


^.4S 


3»!}*3»^*k  Phase  Foiar  (  0  ii)  Error 

Riase  four  is  an  inertial  phase,  erection  and  align- 
irent  errors  will  not  be  included  since  the  RMS  value 
was  used  in  computing  iheir  effect  during  phase  three. 

During  phase  three  only  the  time  varying  drift  rate  was 
used  =»  .l*/h.  The  reason  being  that  a  third  order 
erection  alignment  system  eliminates  the  constant  drUft 
effect*  DuriLng  phase  four,  ho^/sver,  doppler  is  not  used 
and  the  effective  drift  includes  the  ccnstant  portion#. 

Ay.  =  6.'7X/0^)(  3>3X/C~^ 

6^6  ^ 

=  -f  s  \^*94  /V.M  I 

3#5*3»5#5  Total  Error  Summation 

Adding  all  the  error  during  0  I?,  0  3>  and  0  ^ithmetically 
the  position  error  is 

«  *0S3  t 

*  9#71  N#  M.  during  the  first  hour  of  flight 
Determining  the  root-sum-square  error 

=  -/o-fVl 
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3.5*U.2 


3.5.U.3 


Government  Furnished  Equipment  (GFE) 

This  -section  offers  a  brief  description  of  the  equip¬ 
ment  to  be  furnished  bfjr  the  Navy  that  is  essential  to  the 
operation  of  the  Fli^t  Path  Control*  Existing  equipment 
oh  the  SH-3A  is  planned  for  use  during  the  fli^t  test 
phase • 

Doppler  Radar  Navigation  Set,  AN/APN-130 

The  main  function  of  the  doppler  radar  in  this  system 
is  to.  provide  long-term  correction  to  the  inertial  naviga¬ 
tion  system*  This  is  described  in  greater  detail  in  previ¬ 
ous  paragraphs.  The  velocity  outputs  of  the  standard  APN-I30 
set  are  normally  analog  voltages.  These  are  not  needed 
since  a  digital  output  is  required  to  enter  the  computer. 

Thus,  the  APN-130'set  is  modified  to  by-pass  the  3A2  Modulator 
Module  and  the  3A6  Velocity  Computer  Module  and  to  use  the 
outputs  of  the  four  3AI  Converter  Modules  directly.  These 
outputs,  liiich  are  +  20  volt  aid  -20  volt  pulse  trains,  are 
fed  directly  to  the  digital  doppler  interface.  This 
inteiface,  described  in  greater  detail  in  section  3*U#6.3> 
obtains  a  net  count  of  pulses  from  each  doppler  channel  ■ 
and  presents  to  the  ccmputer  four  binary  nuinbers.  Each 
binary  number  represents  the  velocity  of  the  helicopter  in 
the  direction  of  one  of  the  four  dcppler  beams. 

The  land  sea  bias,  which  previously  was  added  to  the 
velocity  components  in  the  3A6  Velocity  computer,  now 
corrects  the  velocity  components  through  use  of  a  8cd.e 
factor  in  the  digital  computer  program. 

True  Airspeed  Transducer 

The  True  Airspeed  Transducer  is  corqprised  of  a  transducer 
^d  a  syndirotel  transmitter.  The  \jnit  mechanically  computes 
true  airspeed  using  pitot  pressure,  static  pressure,  and 
bulb  teir^Derature.  This  true  airspeed  is  sent  to  the  digital, 
computer  where  it  is  used  in  the  confutation  of  the  wind 
velocity. 

Radar  Altimeter  (APN  11?) 

The  radar  altimeter  supplies  a  signal  to  the  basic 
ASE.  This  portion  of  the  ASE  has  not  been  modified  and 
hence  the  radar  altimeter  Flight  Path  Control  Interface 
is  exactly  the  same  as  the  existing  interface  in  the  SH-3A 
helicopter. 


f 


!■ 
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3>^*k*k  Barome’bric  Altimeter 

The  barojnetric  altimeter  supplies  a  signal  to  the 
basic  ASE  which  has  not  been  modified  in  this  area*  As  in  ' 

the  radar  altimeter  no  modification  of  the  barometri.c 
altimeter  is  required* 

3 . U .  5  Di splay  Instruments 

It  is  necessary,  during  the  test  flight,  to  be  able 
to  view  certain  important  parameters  coming  from  the  digital 
computer.  Some  of  these  parameters  may  be  displayed  on  | 

the  following  existing  co-pilot  instruments:  Beciring  Distance  i 

Heading  Indicator  (BDHI),  True  Gburee  and  Distance  Repeater  j 

(TCDR),  Ground  Speed  and  Drift  Angle  Indicator  (GSDA),  .  ! 

and  Vertical  Gyro  Indicator  (VGI).  For  the  remaining  i 

parameters,  it  will  be  necessary  to  install  non-GFE  ^s- 
plays.  These  non-GFS  displays  a:i  d  all  computer-display 
interfaces  are  described  in  a  Hamilton  Standard  proposal 
which  proposes  to  supply  this  equipment  for  a  later  phase 
of  this  program, 

3.5.U.5.1  Bmi 

I 

This  instrument  wi:ll  be  used  to  display  the  range  and  1 

bearii5g  t  o  the  "next  duiik  point."  The  range  is  in  nautical 
miles  and  the  bearing  is  in  degrees.  The  BUII  requires 
a  three-phase  voltage  to  drive  the  bearing  pointer  and  each 
of  the  digits  of  the  range  counter. 

3*5*U*5*2  TCDR  Indicator 

This  instrument  will  display  the  "next  fix  point”  bearing 

in  degrees.  It  also  requires  a  3-phase  voltage  to  drive 

the  bearing  pointer.  i 

1 

GSDA  Indicator  ' 

This  instrument  displays  the  ground  speed  and  drift 
angle  of  the  helicopter.  It  receives  the  drift  velocity 
and  the  heading  velocity  in  the  form  of  single  phase 
voltages  and  resolves  these  components  into  the  ground  speed 
and  drift  angle, 

3.5»U«5,i|  Vertical  Gyro  Indicator 

The  VGI  will  display  the  helicopter  pitch  and  roll 
attitudes*  The  inputs  to  this,  inetrument  are  two  sets  of 
3  phase  voltages,  one  for  pitch  and  one  fear  roll* 
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1  3*^*^  Flight  Path  Control  Power  Supply  i 

i  ^ 

i  The  FPC  System  is  intended  to  be  operated  from  the  SH-3A  ; 

!  ll^V,  UOO  CPS  primary  supply.  This  supply  is  regulated  in  ! 

j  accordance  with  fUL  STD  70I4.  The  FPC  power  supply  is  designed  i 

I-  such  that  it  can  draw  power  from  1,  2  or  3  phases  of  the 

;  aircraft  power  to  minimize  unbalances. 

Requirements  i 

;  The  individual  power  requirements  for  the  equipnient  operat- 

I  ing  from  the  supply  described  herein  are  listed  in  Table  11* 

I  The  regulation  percentages  indicate  the  allowable  variance  in 

j  voltage  for  input  variations  of  +  10^,  load  variations  as 

^  indicated  and  temperature  change  from  0®F'  to  +125®F.  The 

]  temperature  requirement  is  the  strictest  of  the  three 

I  variations.  For  example,  to  maintain  a  voltage  within  1% 

:  over  the  temperature  range  typically  requires  a  supply 

that  will  regulate  to  0.05^  at  room  temperature. 

The  total  power  requirements  are  outlined  in  Table  12. 

The  currents  listed  for  each  voltage  are  the  total  estimated 
required  power  and  are  not  the  total  capacity  of  the  supply. 

The  current  inc3icated  for  the  +12V  and  -12V  supplies  include 
about  1  amp  each  to  supply  the  +6V  and  -6V  regulators. 

3 *5*5 *2  System  Block  Diagram  | 

;  t 

I  The  power  supply  system  chosen  for  the  Flight  Test 

Model  FPC  is  shown  in  Figure  US*  It  consists  of  three 
commercial 'supplies  feeding  two  HSD  built  regulators,  two 
HSD  D.  C.  supplies,  one  feeding  a  0.01/6  regulator  in  a 
temperature  controlled  environment,  and  the  3  0  supply. 

It  is  intended  that  the  final  design  will  ccntain  all  HSD 
built  supplies. 

There  are  two  considerations  that  led  to  the  inclusion 
of  the  commercial  supplies;  time  and  tie  uncertainty  of  the 
required  power.  In  order  to  minimize  weight  and  size  in  the 
final  design,  the  actual  power  required  must  be  known#  At 
ihis  time  we  have  only  estimates  of  current  needed.  It  is 
i,  conceivable  that  Ihe  estimates  may  be  in  error  up  to  a 

1  factor  of  2.  That  is,  the  actual  power  may  be  as  little 

I  as  1/2  or  as  much  as  twice  the  estimated  power. 
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Total  Power  Required, 
Table  12 


Voltage 

Current 

Regulation 

Volts 

Amps 

Per  Gent 

+100V  DC 

0,5'  A 

0,01?5 

+33V  DC 

0.18A 

±2^ 

+2UV  DC 

1.1J.2A 

±1^ 

+12V  DC 

2.8A 

±1% 

-12V  DC 

15. lA 

±1% 

+6V  DC 

0.25A 

±1^ 

-6V  DC 

0.35a 

1 — 1 
+1 

26V,  kOOtJ  ,3  0 

15  VA 

±15? 
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3.5.6 


3.5.6.1 


3.5.6. 2 


3.5.6.3 


In  the  lowei*  cunrent  ranges,  the  miinber,  size  and 
total  wei^t  of  component f3  will  not  vary  significantly 
due  to  changes  in  required  power#  However,  as  an  exanple* 
a  hi^  current  supply  designed  for  m  estimated  l5  amps 
would,  have  to  be  designed  for  at  30  amps  plus  a 

safety  factor,  and  it  may  only  have  to  supply  an  actual 
7.5  airps.  In  the  hi^er  current  ranges,  such  a  variation 
would  cause  significant  weight  and  size  penalties.  It  is 
for  these  reasons  that  we  decided  to  use  wide  range,  hi^ 
capacity  commercial  supplies  and  hold  off  on  the  design 
of  the  higher  current  supplies  until  the  actual  values 
of  current  are  known. 

The  commercial  supplies  selected  are  specified  in 
Table  13.  The  HSD  designed  circuits  are  shown  on 
SK52199*  These  circuits  will  be  fabricated  by  HSED 
and  contained  in  one  5*"  high  module  in  a  standard  19** 
’*rel€y**'  rack  panel# 

Cost  Reduction  Trade  Off  Study 

Purpose 

The  purpose  of  this  study  is  to  determine  the  feasi¬ 
bility  and  practicality  of  using  the  Inertial  Navigation 
System  serisors  to  replace  the  existing  ASE  accelerometers, 
gyros  and  tilt  table. 

Existing  SH-.3A  ASE 

In  the  present  system  there  are  two  accelerometers, 
two  vertical  gyros,  a  tilt  table  and  a  yaw  rate  gyro. 

The  accelerometers  are  used  as  a  source  of  negative 
feedback  in  the  ASE  coupler;  there  is  a  pitch  and  a 
roll  accelerometer.  The  two  vertical  gyros  are  used 
to  operate  the  pilot's  and  co-pilot's  V,G,I,,  (Vertical 
Gyro  Indicator).  The  output  of  either  gyro  is  used 
in  the  ASE  for  attitude  position  and  attitude  derived 
rate  signals*  The  yaw  rate  gyro  is  used  in  the  ASE  for 
rate  damping.  The  tilt  table  is  tased  to  inject  a  test 
input  into  the  ASE. 

Flight  Path  Control. Sensor  Replacements 

The  two  accelerometers  can  be  replaced  by  two  of  the 
accelerometers  in  the  Strapped-Hown  Inertial  System. 


3-216 


HSER  26^3 


Po’iirer  Supply  AC-DC 
Table  13 


l8  X  Number 

Mfr’s*  Number 

Voltage 

Current 

18X58116Ut1 

"  3 

TP  2U-20 

2(TP  12-2?) 

IE  106  Mod. 

23-2?  VDC 

11-13  V 

0-12  V 

G-2A 

0-?A 

0-16A 

a.  Line  Regulation:  0.0^^  maxLmuin  or  8  mv  maximum  for  input  variations 
of  105-125  VAC. 

b.  Load  Regulation:  0,055^  maximum  or  8  mv  maximum  for  0  to  full  load 
c*  Ripple  +  Noise?  0*5  mcv'RMS  maximum 

d.  Temperature  Coefficient:  0*0155^  1*0  maximum 

e .  A. C . '  input  105-125  VAC  UOO  cps 

f.  Operating  Temperature  0-  50*C  ambient 

g.  Size  and  Wei  ^t: 


Model  ■ 

Maximum  Size 

Maximum  Weight 

TP  2li-20 

2(TP12-2?) 

LEip6'-:Mod* 

~H - W - D - 

Ijit  jn 

liV  10"  7"  J 

?4"  19"  16^2 

9  lbs. 

18  lbs. 

7?  lbs. 

1 

Items ’1  and  2'may  be  purchased  from  AC  DC  electronics  Inc,  2979 
No*.  Ontario  St#  Burbank,  California  ' 

Item  3  from  Lambda  Electronics  Corp*,  5l^  Broad  Hollow  Road, 
Htu|tington,  L#  I.,  New  York 

i.  Item  3  will  be  modified  to  provide  l6  amps  at  12  volts  from  its 
normal  rating  of  0-18V,  0-15A  by  the  manuj^acturer* 
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The  current  waveform  which  is  feeding  back  a 
restraining  force,  in  the  accelerometer,  can  be 
filtered  to  DC  aid  modulated  at  1|00  cycles  per  second 
and  used  in  the  ASE^ 


The  pitch  and  roll  can  be  generated  by  performing  a 
digital  to  analog  conversion  on  the  digital  outputs  of  the 
system  for  roll,  pitch  and  yaw  rate  signals,  the  inertial 
gyro  FT  A  current  waveform  can  be  filtered*  The  output  of 
the  filters  would  be  DC  which  can  be  modulated  to  a  hOO 
cycle  signal  and  fed  into  the  ASE  in  place  of  the  yaw  rate 
gyro  and  derived  rate  signals# 

In  order  to  incorporate  a  gravity  component  correction  for 
the  accelerometers,  an  out-of -phase  signal  to  cancel  the 
output  of  the  accelerometer  D  to  A  converters  can  be  generated 
as  a  function  of  aircraft  attitude#  These  signals:  can  be 
obtained  from  the  D  to  A  converters  which  are  used  to  generate 
the  pitch  and  roll  angle.  These  angle  signals  are  a  linear 
approximation  of  the  gravity  signal  aid  will  be  only  3/^ 
in  error  at  a  30®  displacement# 

In  the  existing  ASE  there  is  a  tilt  table  ^ich  can  be 
replaced  by  a  test  function  to  be  built  into  the  flight  con¬ 
trol  system.  This  function  test  will  replace  the  existing  ASE 
pre-flight  test  with  m  augmented  version*  It  will  still  be 
niecessary  to  retain  one  of  the  vertical  gyros  for  a  ^^back  up”  on 
the  proposed  system.  Since  there  is  no  redtindancy  on  the  yaw 
rate  gyro  and  the  two  accelerometers  in  the  present  ASE  system, 
the  proposed  use  of  the  Inertial  Navigation  System  sensor  should 
not  appreciably  reduce  the  system  reliability.  However,  the 
yaw  rate  gyro  will  be  retained  for  basic  ASE  reliability. 


Cost  Summary 


The  proposed  utilization  of  the  navigation  system 
components  will  result  in  a  reduction  in  cost  of  sensors 
with  no  sacrifice  in  system  performance  over  a  ^stem  which 
contains  both  inertial  sensors  and  stabilization  sensors# 
The  cost  trade-off  is  shown  below: 


Present  System 

accelerometers  ♦1,300 

vertical  gyro  1,800 

tilt  table  300 

Total  f3,U00 


Proposed  System 
2  d/a  Converters  $^00 

Total  .  .1500 


3-219 


I 

I 


I 


i 


( 

1 

I 


i 


KSER  2653 


i 

i 

i 


"  .  The  cost  of  the  modulator  circuits  are  negligible 

as  is  the  derived  rate  network  cost*  Therefore,  a  cost 
reduction  of  »2,  900  per  FPC  system  can  be  achieved  when 
the  inertial  instruments  are  used  for  stability  augmenta¬ 
tion. 

3.5*7  Electro  nics  Packa  ging 

3.5*7.!  Detail  Design  (Reference  l8X590802,  l8X5908lO,  l8X5908l5) 

Due  to  the  weight  and  the  volume  of  control,  computer, 

,  display,  and  power  supply  electronics  required  for  the 
system,  the  electronics  package  is  designed  into  small 
groups  for  versatility  and  for  optimum  weight  distribu¬ 
tion*  Separate  cabinets  were  therefore  designed  for  the 
power  supplies  and  controls  and  for  the  sensor  and  computer 
input  interfaces. 

These  two  cabinets  are  nearly  identical  and  are  made 
from  "Bud  Iirilock"  standard  extrusions  and  connectors 
■^diich  are  riveted  together  to  foim  a  strong  rigid 
framework  capable  of  absorbing  the  stresses  and  deflections 
vdthin  specifications  without  depending  upon  the  skin 
for  support.  Shelves  made  from  strucutral  angles  add  to  the 
rigidity  of  the  cabinet  and  provide  a  sliding  surface  for 
each  drawer.  The  mounting  feet  are  an  integral  part  of 
this  structure  and  are  capable  of  withstanding  the  shock 
crash  loading  without  rupture*  Four  3/8"  mounting  studs 
are  to  be  used  to  mount  each  cabinet  to  the  airframe 
structure.  Each  of  the  two  cabinets  occupies  slightly 
over  five  cubic  feet  and  together  they  weigh  around 
550  pounds* 

3.5.7 .2  Pulse  Torque  Amplifier  Circuitry 

Several  critical  electronic  con^jonents  in  the 
sensor  amplifier  are  anticipated  to  require  as  rigid  a 
temperattire  control  as  does  the  inertial  package  itself 
0.1*F*  The  balance  of  the  pulse-torque  amplifier  circuit 
must.be  held  to  ±5*F* 

To  achieve  this  temper  attre  control,  a  drawer  of 
one  of  the  cabinets  will  be  insulated  and  enclosed* 

This  drawer,  known  as  the  "oven",  will  be  maintained 
at  lUO®  ±  5*F  and  will  exude  its  thermal  flux  to  the 
ambient  surrounding  the  cabinet  and  to  the  airframe. 
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A  single  ”on-off”  type  thernxfswitch  -will  actuate 
a  heater  to  inaintaln  this  temperature  range#  At  the  maxirfium 
operating  ambient  temperature  within  the  cabin  (100®F) 
a  thermal  balance  is  maintained  between  the  ^^ovenl? 
components  and  the  ambient,  with  the  heater  never  being 
required#  At  the  low  ambient  operating  tender ature 
(U0®F),  the  heater  'sdll  be  "on**  nearly  constantly 
in  iruJilntaining  the  desired  temperature. 

Secured  to  the  oven  will  be  six  const  ant -temperature 
blocks  containing  the  critical  circuit  elements#  Each 
block,  representing  a  specific  sensor,  will  be  temperature 
iccntrolled  by  a  bridge  circuit  to  ±  0.1®F,  'vd'iich 
will  offer  proportional  heater  control  from  "off" to  the 
full  heater  power  of  ten  watts#  These  components  will 
be  held  at  iWF. 

Digital  Logic 

Four  separate  racks  are  required  to  house  the  digital 
logic,  each  weighing  around  seventy  pounds  and  occupying 
1,8  cubic  feet#  The  small  size  of  these  racks  will  facili¬ 
tate  their  placement  within  the  vehicle# 

Each  rack  is  constructed  to  withstand  the  vibr^ition 
and  shock  loads  required#  It  has  a  li^t-weight  stricture 
into  ^iich  are  stacked  1;6  **mother-boards"#  These  boards 
add  to  the  rigidity  of  the  assenii^,  since  they  are  in 
sliding  contact  wl.th  each  other#  Since  eacii  "mother-board" 
has  a  capacity  of  ten  2"  x  2"  flip-flop  boards,  the  total 
capacity  of  each  rack  is  U60  flip-flops#  Each  mother -board 
fits  into  an  electrical  connector  and  is  screwed  securely 
into  place#  A  dust  cover  encloses  the  entire  rack* 

Pilots  Control  Panel  (Reference  l8X^9080l) 

A  preliminary  pilots  panel  layout  has  been  included 
to  ^cw  the  basic  FPC  controls#  This  panel  will  be 
constructed  as  a  breadboard,  and  will  not  contain 
lighting,  nor  etched  lettering#  The  panel  layout  may 
be  revised  at  a  later  date  to  insuxe  compatibility  wi.th 
the  SH-3A  cockpit  layout ^ 
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LIST  OF  CONFERENCES 


The  following  is  e\  list  of  meetings  and  conferences  held 
during  the  design  program: 

1.  Naval  Aviation  Facility  at  Indianapolis,  Indiana  ■ 

August  6,  1962 

Mr,  Richard  Wisehart  (NAFI) 

Mr.  Arpad  Ostheimer  (HSEDJ 

The  purpose  of  this  meeting  was  to  explore  further  the 
erection  and  alignment  problems  encountered  on  an  aircraft 
carrier, 

2.  Naval  Air  Development  Center,  Johnsville,  Pa, 

August  20,  1962 

Lt.  Cmdr,  J.  Waldron  (IJADC) 

Mr.  R.  Bell  (NADC) 

Mr,  A.  Allen  (NADC) 

Mr.  G,  Davis  (NADC) 

The  purpose  of  this  meeting  was  to  obtain  information  on 
ASVT  tactics  and  discuss  erection  and  alignment  techniques 
on  a  moving  base, 

3*  Naval  Ordnance  Test  Station,  China  Lake,  California 
September  13,  1962 
Mr.  R.  Cole  (NOTS) 

Mr,  R,  Seely  (NOTS) 

Mr.  W.  Roehrs  (NOTS) 

Mr,  D.  Shefrin  (HSElJ 

The  purpose  of  this  visit  was  to  discuss  the  erection  and 
alignment  of  platform  and  strapped  down  systems, 

I4.  Sikorsky  Aircraft ^Division  of  U.A.C.,  Stratford,  Conn, 
September  I8,  1962 
Mr,  R.  Stutz  (SA) 

Mr.  L,  Freeman  (SA) 

Mr.  J,  Corso  (SA) 

Mr.  H.  Monterose  (HSED) 

The  purpose  of  this  mating  was  to  obtain  information  on 
the  generation  of'  a  flight  path  based  on  Sikorsky* s  pre¬ 
vious  experience. 
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Bell  Aerosystems  Company,  Buffalo,  New  York 
September  19,  1962 
Mr.  F.  Powell  (Bell) 

Mr.  T,  0»Brien  (H3ED) 

Mr.  D.  Brown  (HSED) 

This  visit  was  made  to  obtain  data  on  aircraft  carrier 
motion  specifically  the  power  spectral  density  in  roll, 
pitch  and  translational  accelerations. 

Sikorsky  Aircraft  Bi vision  of  U.A.C.,  Stratford,  Conn. 
September  21,  1962 

Various  personnel  of  Sikorsky  Aircraft 
Mr.  H.  Monterose 

This  trip  was  made  to  obtain  data  on  existing  navigational 
equipment  on  the  SH-3A,  specifically  AN/APN130,  AN/ASA13A, 
AN/ARN21B,  AN/APNII?  and  the  AQS/lO. 

Bureau  of  Naval  Weapons,  Washington,  D.C. 

October  8,  1962 

Mr.  G.  Tsaparas  (BuWeps) 

Mr.  B.  Russ  (KSM)) 

Mr.  T.  O^Brien  (HSED) 

This  meeting  was  held  to  review  progress  to  date  on  the 
FPC  program. 

Hamilton  Standard  Division,  U.A.C*,  BroadBrook,  Conn. 
October  29  and  30,  1962 
Mr.  G.  Tsaparas  (BuWeps) 

Mr.  H.  Welk  (NADC) 

HSED  Project  Engineering  and  Sales 

A  meeting  was  held  to  review  progress  to  date  on  the  FPC. 

Naval  Ordnance  Test  Station,  China  Lake,  California 
November  8,  1962 
Mr.  R.  Cole  (NOTS) 

Mr.  R.  Seely  (NOTS) 

Mr.  D.  Brown  (HSED) 

This  discussion  was  concerned  with  the  overall  erection 
and  alignment  of  the  FPC  inertial  system  and  the  pre¬ 
liminary  system  block  diagram  was  reviewed. 
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10.  Sikorsky  Aircraft  Division,  U.A.C.,  Stratford,  Conn. 
Noveinber  16,  1962 

Mr,  H.  Oakes  (SA) 

Mr.,  T.  Meeks  (SA) 

Mr.  S.  Opie  (SA) 

Mr.  T.  O’Brien  (HSED) 

Mr.  A.  Ostheimer  (HSED) 

The  purpose  of  this  visit  laas  to  obtain  information  on  the 
SH-3A  flight  characteristics  in  order  to  initiate  a  suit¬ 
able  design  of  the  autopilot. 

11.  Bureau  of  Naval  Weapons,  Washington,  D.  C. 

November  19;  1962 

Mr.  C.  Schaeffer  (BuWeps) 

Mr.  r.  O'Brien  (HSED) 

This  conference  was  held  to  discuss  the  basic  operational 
techniques  and  problems  associated  with  the  ASW  problem. 

12.  Bureau  of  Naval  Weapons,  Washington,  D.  0. 

December  11,  1962 

Mr*  G.  Tsaparas 
Mr.  T.  O'Brien  (HSED) 

Mr.  J.  Gorman  (HSED) 

This  visit  was  made  to  appraise  BuWeps  of  the  latest 
progress  on  the  FPC. 

13.  Sikorsky  Aircraft  Division  of  U.A.C.,  Stratford,  Conn. 
December  28,  1962 

N;r.  T.  Meeks  (SA) 

Mr.  T.  O'Brien  (HSED) 

A  proposed  text  of  a  work  statement  wavS  reviewed  for  a 
subcontract  to  SA. 

II4.  Bureau  of  Naval  Weapons,  Washington,  D.  C. 

January  28,  I963 

Mr.  G.  Tsaparas  (BuWeps) 

Mr.  C.  Brahm  (HSED) 

Mr.  J.  Bambling  (HSED) 

Mr.  J.  Shaubaugh  (HSD  Washington  Office) 

Mr.  T.  O'Brien  (HSED) 

Ibis  visit  was  made  to  review  the  progress  to  date  and  to 
discuss  the  future  program  content. 
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15.  Sikorsky  Aircraft  Division,  U.A.C*,  Stratford,  Conn. 
February  12,  I963 

Hr.  T.  Meeks 
Mr,  T,  O^Brien 

This  visit  “was  made  to  discuss  progress  on  the  S-A.  sub¬ 
contract. 

16.  Sikorsky  Aircraft  Division,  U.A.C.,  Stratford,  Conn. 
March  1,  I963 

Mr.  T.  Meeks 
Mr.  T.  DM3rien 

This  meeting  -was  held  to  review  the  conclusions  of  the  SA 
design  study. 

17.  Bureau  of  Naval  Weapons,  Washington,  D.  C. 

March  II4,  I963 

Mr.  G.  Tsaparas 

Mr.  J.  Shaubaugh  (KSD  Washington  Office) 

Mr.  T.  G‘»Brien  (HSED) 

This  meeting  was  held  to  discuss  the  program  progress  to 
date  • 
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5.0  APPENDIX 

5.1  Flight  Path 

5.1.1  -Derivation  of  Flight  Path  Equations 
Dunk  Point  -  To  -  Dunk  Point 
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CASE  I 

Finding  (Xm,  Yfji)  reduces  to  solving  the  right  triangle 
formed  by  the  line  of  centers  of  the  turn  circles,  the  common 
tangent  -which  crosses  the  line  of  centers  at  point  1,  and  the 
radius  to  the  point  of  tangency  (Xrji, 

Points  1  and  2  and  distances  1,2  and  are  known^  there¬ 
fore  point  3  TTiay  be  located,  and  y  )  may  be  specified  as 
in  Sect.  30.5. 2.  ^ 

CASE  II 


Figure  IT, 5 >6,7  is  a  rectangle;  points  i|  and  ?  are  known 
as  well  ai  the  length  of  all  four  sides.  The  rectangle  is 
solved  for  point  6  ■  (X^,  Y^). 

Base  -  To  -  First  Dark  Point 


The  length  of  the  sides  of  right  triangle  1,2,3  are 
known,  as  well  as  the  location  of  point  1.  Point  2  is  found 

from  the  distance,  b,  and  the  direction  of  the  wind.  The _ 

triangle  is  solved  for  the  location  of  point  3.  Figure  3,h>5>6 
is  a  rectangle,  hence  finding  a  solution  for  point  3  leads 
directly  to  point  6  ■  (Xj  I^)  and  point  7  •  (Xs,  Ys). 


5-2 


HSER  2653 


As  in  case  the  right  triangle  1,2,3  is  solved  for 
point  3.  From  knowledge  of  the  distance  575"  and  the  X 
component  of  point  ii,  it  is  possible  to  solve  the  right 
triangle  37F75  points  i4  and  5,  and  this  leads  to  a 
solution  for  point  6  ^  (Xs,  Us)*  By  averageing  the  X  and  Y 
components  of  points  3  and  Ii,  point  7  *  (Xm,  Ym)  is  deter¬ 
mined* 

5-  1.  2  Flight  Path  Errors 

The  following  is  a  derivation  of  the  flight  path  error 
expression,  A  presented  in  Sec*  3. 3*6. 1*5 
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+  ro^  +  (r-ro)^  +  ~  2  (r-ro)(ro  cos  b  sin  ) 

-2r^  (bcos^^-r^sin  f ) 

o  ♦  p 

For  the  case  vjhen  ^  is  small  we  can  elimii^ate  all  terms  in  p  ,  (r-ro)^^ 
and  (r-ro)^.  (Section  3*3»6*1*5  made  the  assumption  that  r-^ro  as  0  o.) 

Thus,  'V  b^  *♦*  ro^  -  2(r-ro)  (rcos  b  sin  f)  -  2r0  (b  cos  -  ro  sin 
and,  ♦•ro^  -  2  ro  (r-ro)  cos  \|/  +  2  tqT^  sin 


Therefore,  r 


-I 


[vo - (r-h,)C0S  f  +  t<p  siN  f]  ccs  f)-* (i-cos^~  n  s,m  J I 


n*-x(r-n,)(r,  cdsjt>+  cetf-n  >^) 


t^At.  HM  Of^/fV/OAt  0$  >S6C-yv»Ai  S.SiCtfrS  t'o  -CAe, 

va/ce  0^  ^  j  njn/vtr  f  , 


AM 


/ 


4(hco*  Tk*taijMTA-ruAjb‘*<.2r^4k<^^ 


0.^0  ^  (S  ao^y/-r»  <*»«,. 


*>44^ 


(•+  y-4^ a>^ •J*  ^ «*»*>!' 


^  f’  2^  ^  C«4.  ^  -•a44#r> 
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For  case  when  <^issrf\al:/  (<l5‘^)i 


-I 


sin 


k  gitHin  fX  I  -f^CDsf-^sintj)  -(l  -  «|>f  -  eo; 


""  smT)] 


-  sin 


-I 


lorg  (p  si’nTff-f-  ^a.) 


b^r.^[l+^4(  •^cosy-  siFy)! 


This  express /on  has  a  rnax/’nnuhn  vd/ue  vv/ien  si'n  "f and 


A  I 


=  sih 


-I 


mai); 


bn?  4^ 0 ) 


b*-+no'-(l-'2<)>) 


s/n 


/ 


dhcl  "For  Sindll  va/i/es  oF 


A  ^  jv  ^  1^— 
^  ^max  ^  (  U 
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List  of  Ref^ences 

MIT  Instrumentation  Lab,  1 

Analysis  of  an  Inertial  Navigational  system,  by  Charles 
Broxmeyer,  HIT  B«2l4l«  August,  19^9,  Page  112. 

.2f,  MIT  Instrumentatiou  Lab^ 

Compensation  of  a  Dig^lt ‘1  Integrating  Accelerometer,  by 
Robert  Haym,  thesis.  "IT  R-T-209A,  June,  1959*  Page  112 
MIT  Instrumentation  Lab. 

Coordinate  Frames  in  Inertial  Navigation 

3,  MIT  Instrumentation  Lab. 

Effects  of  Quantization  in  Local  Vertical  Inertial 
System,  by  D,  F.  McAllister,  thesis.  MIT  R-156, 
September,  1957*  Page  i|6. 

il.  MIT  Instrumentation  Lab„ 

Inertial  Guidance,  by  W'.  Wrigley,  R.  Woodbury,  anct 
J.  Havorka.  AD  I2I426O,  January  28-31,  1957*  Page  69. 
NAvSA  TECH.  NOTE 

Investigation  of  the  Errors  of  an  Inertial  Guidance 
System  During  Satellite  re-entry,  by  J.  S.  White,  TN-D 
322,  August,  i960.  Page  I42. 

6.  AH3  JL,  March,  1961.  Pages  356-360. 

Alignment  of  an  Inertial  Autonavigator,  by  L.  R. 
McMurray. 

7.  Control  Eng.,  May,  I96I.  Pages  121-122. 

Autocompensation  of  Errors  in  Gyros  and  Accelerometers, 
by  J.  M.  Slater. 

8.  SAE  PREPRINT,  October  3-9,  1959*  Page  7* 
Doppler-Inertial  Navigation  for  High  Performance  Air¬ 
craft,  by  L.  S.  Reel. 

9*  Ryan  Reporter,  February  27,  I960.  Page  10. 

A  Precision  Navigational  System  -  Doppler  -  Inertial, 
by  Reel 

10.  AAS  Preprint,  January  I6-I8,  I96I.  Page  20 

Gimballess  Inertial  Navigation  in  Lunar  or  Planetary 
Guidance,  by  Don  McAllister,  7th  Annual  Meeting,  Dallas, 
Texas 
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11.  ARS  Preprint,  October  9-l5>  1961.  Page  l8 
Guidance  and  Navigation  Systems  for  Lunar  Missions, 
by  R>  C.  Hakes*  ARS  Space  Flight  Report  to  the 
Nation,  New  York,  New  York  Preprint  229i4-6l 

12.  Inst.  Aerosp.  Sci.  Preprint,  January  22-2ii,  3^962. 

Page  18  ! 

A  Hybrid  Strapped-Down  Inertial  Stellar  Guidance 
System,  by  I.  Citron.  30th  Annual  Meeting,  New  York, 
New  York 

13.  ARS  Preprint,  November  17-21,  1958.  Page  lli 
Inertial  Guidance,  by  B.  W.  Hilburger,  13th  Annual 
Meeting,  New  York,  N,  Y. 

ll|.  Electronics,  V.  3hj  November  17,  1961.  Pages  95-99 
Missile  and  Space  Electronics  -  Guidance  and  Control, 
by  J,  F.  Mason  and  M.  F.  Wolff. 

15.  Flight,  V.  73,  May  16,  1958.  Pages  659-665. 
Navi.gation,  Inertial,  Doppler,  Radio 

16.  Electromechanical  Design,  January,  1962.  Pages  36-51|. 
Newtonian  Navigation,  Part  1,  by  J.  M.  Slater. 

17.  ARS  JL,  December  1959.  Pages  9J46-957 

Recent  Progress  in  Inertial  Guidance,  by  J.  Hovorka, 
J.  W.  Hursh,  E.  J.  Frey,  et  al. 

Seven  papers  on  recent  aspects  of  inertial  guidance. 

18.  Control  Eng.,  August,  i960.  Pages  86-92. 

System  Aspects  -  Inertial  Navigation  Design,  by 
D.  p,  Sarett. 

19.  IRE  Trans o  on  Aeron  and  Navigational  Electronics, 
September,  1959.  Pages  158-178. 

Vector  Principles  of  Inertial  Navigation,  by  A.  M. 
Schneider. 

20 Instrument  Construction,  March  3,  I962. 

British  Scientific  Instrument  Research  Association. 
Printed  and  Published  by  Taylor  and  Francis,  LTD. 

21.  Principles  of  Inertial  Navigation,  by  C.  F.  Savant 
McGraw-Hill  Book  Company,  Inc.,  196I 
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22,  Gyroscopes:  Theory  and  Eesign,  by  P.  H.  Savet,  I96I 

23.  Th©  Gyroscope  Applied,  by  K.  !♦  T.  Richardson 
The  Phylosophical  Library,  New  York,  1955- 

2h*  U,S,  Army  Ballistic  Missile  Agency  on  the  Mid-Course 
Navigation  AD  2014698 

25*  U,S.  Naval  Ord.  Test  Station 

Alignment  of  Moving  Inertial  Navigational  Systems, 

AD  23I4263. 

26,  NOTS  TP  2279 

Alignment  "of  Moving  Inertial  Navigational  System 

27*  Kaplan,  W. ,  Advanced  Calculus,  Chapter  I  -  Vectors, 
Cambridge,  Addison  -  Wesley  Press  Inc,,  1952 

28.  McClure,  C.  L.  Theory  of  Inertial  Guidance,  Page  63, 
Prentice-'H^ill,  Inc,,  Englewood  Cliffs,  N,J.  i960 

29-  Kolk,  W.R*  Modern  Flight  I^amics,  Prentice  Hall,  i960 

30,  Reference  28,  Page  Ih 

31*  UAG  Internal  Correspondence  (from  Corporate  Systems 
Center)  From:  M.  H.  Ullockj  To:  File, 

Date:  June  6,  1962  and  Memo  from  G.  K,  White  to 
T.  E,  O^Brien,  Dated;  September  6,  1962;  Entitled; 
"Determination  of  Initial  Direction,  Cosine  Matrix 
for  a  Strap  Down  Inertial  System" 

32,  Inertial  Guidance  by  Draper,  Wrigley,  and  Hovorka 
Psrgamon  Press,  I960 

33-  Inertial  Navigation  by  R,  Parvin 
D,  VanNostrand  Company,  1962 

3I;#  Synthesis  of  Optimum  Control  Systems  by  Change 
McGraw-Hill  Book  Company,  1961 

35*  The  Oceans  by  Sverdrup,  Johnson  and  Fleming 
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36.  Practical  Methods  for  Observing  and  Forecasting 
Ocean  Waves 

U,S.  Navy  Hydrographic  Office  1955 
H,  0.  Publication  No,  603 

37*  On  the  Motions  of  Ships  in  Confused;  Seas  by  M.  St .Denis 
and  W.  J,  Pierson  ' 

Transactions  of  the  Society  of  Naval  Architects  .and 
Marine  Engineers,  1953 

38*  On  the  Stabilization  of  Roll  by  J.  H,  Chadwick 
Transactions  .of  the  Society  of  Naval  Architects 
and  Marine  Engineers,  1955 

39*  Ship  Motions  -  Confidential  Report  #106-989-001 
Bell  Aerosystems  Company 

ho#  Ships  Motion  Instrumentation  Programs  -  Confidential 
Report  #60003-012 

Bell  Aerosystems  Company,  April  1959 

ill*  NAWEPS  OI-23OHLC-I  Flight  Manual,  Navy  Model  HSS  -2 
Helicopter;  Section  V 

i|2.  NA'^/WEPS  01-23PHLC-2-9  Automatic  Stabilization  Equip¬ 
ment 

l43*  Sikorsky  Aircraft,  SH-3A  (HSS-2)  Flight  Path  Program 
(Study  HS  PO  #E689918e) 

kk*  Selected  semiconductor  circuits  Handbook  I960, 

Seymour  Schwartz  Ed*  J.  Wiley 

il5*  Semiconductor  Components  Guide 
2nd  ed.  G.  E.  Company 

It6.  Motorola  Zener  Diode/Rectifier  Handbook 

ii?*  A  Report  Covering  the  Derivation  of  Equation  for 
Gyro  Calibration 
W.  Burwell  -  5-14-62  (HSED) 
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IjS.  Mechanization  and  Calibration  of  a  Strapped-Down 
Inertial  Navigation  System 
A.  Scoville  and  R.  Furber,  II-II4-6I  (HSED) 
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